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Glossary 
 
Active site 
Functional group/Chemical species responsible for 
the catalytic activity. 
Configurational or  
Intra-crystalline diffusivity 
Diffusion inside the micropores of zeolite, where 
molecules are subjected to the force field of the 
pore walls due to the similarity of their kinetic 
diameters to the pore radius. 
Elementary step 
 
An irreducible act of reaction in which reactants 
are transformed into products without passing 
through an intermediate that is susceptible to 
isolation. 
Hydrocarbon pool 
Mechanism involving olefin and aromatic based 
cycles as active centers towards the production of 
light olefins by methylation and dealkylation. 
Induction period 
The time during which the progress of an 
autocatalytic reaction remains below 
experimental detection. 
Intermediate 
A component represented in a reaction network, 
but not in the net reaction. 
Knudsen diffusion 
Diffusion in which the molecule-wall collisions 
prevail with no molecule-molecule collisions due 
to larger mean free path. It is independent of 
pressure and composition. 
Lignocellulosic biomass 
Biomass composed of cellulose, hemicellulose and 
lignin. 
Objective function 
A function used during optimization problems 
which has to be minimized or maximized by 
choosing the best set of variables which 
determines the values of this function. 
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Parameter estimation 
Process of estimating the parameters of a relation 
between independent and dependent variables as 
to describe a chemical reaction as good as 
possible. 
Reaction mechanism 
A sequence of elementary steps in which reactants 
are converted into products, through the 
formation of intermediates. 
State-altering TAP experiment 
A series of TAP pulse response experiments in 
which the reactant pulses cause a significant 
change of the catalyst. 
State-defining TAP experiment 
A series of TAP pulse response experiments in 
which the size of the reactant pulses is low enough 
to assume them to cause no significant change of 
the catalyst. 
Thin-zone TAP reactor configuration 
The length of the catalyst bed sandwiched 
between layers of inert beds is atleast maintained 
in 1:30 ratio in order to maintain uniform 
distribution across the catalyst bed. 
Transient experiments 
Investigation of a response in experiments where 
one or more variables, i.e., pressure, temperature, 
concentration or flow rate are changing on a time 
scale of same order of magnitude as the 
investigated phenomena. 
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Summary 
 
Technological advancements towards the utilization of renewable sources for the needs of 
human development is a substantial research objective. The majority of the current energy 
requirements and chemical production is based on non-renewable crude oil. Among many 
other attractive options, ethanol from bio-based sources is a potential candidate to fulfill the 
needs. Though ethanol can be used as a fuel, the engine hardware compatibility limits its 
direct usage. Nevertheless, the discovery of zeolite catalysis in methanol to hydrocarbon 
conversion has established a new era of research in the petrochemical developments. H-ZSM-
5 zeolite with a medium size pore structure has the most commercial value, due to its selective 
production of gasoline range hydrocarbons along with a stable performance compared to 
various other zeolite frameworks.  
The objective of this PhD thesis work is focused on unraveling the reaction mechanism of 
ethanol conversion to hydrocarbons over a H-ZSM-5 zeolite. For the first time, a Temporal 
Analysis of Products (TAP-3E) reactor technology is utilized for investigating the underlying 
mechanism. Over the past four decades, the reactor has shown to be a promising tool in the 
field of heterogeneous catalysis. Although the reactor is capable of operating under 
atmospheric flow, the salient feature of it resides in transient experiments by pulse technique. 
The rationale behind this is the intermediate products information with milli-second time 
scale resolution before the reaction reaches a steady-state. Furthermore, the well-defined 
transport phenomena within the reactor make TAP a kinetic characterization tool. H-ZSM-5, 
as microporous zeolite, along with surface intermediates taking part in ethanol conversion to 
hydrocarbon, is an exemplary research project to illustrate the TAP technology.  
The significance of intra-crystalline diffusion in the microporous zeolite, H-ZSM-5, is validated 
experimentally with varying temperatures in Chapter 3. The pulse responses of argon from 
single-pulse experiments over a one-zone non-porous quartz bed and a thin-zone 
configuration containing H-ZSM-5, differ at 373 K, while the high temperature pulse responses 
at 473 and 573 K completely coincide. Knudsen diffusion is the only prevailing transport in 
inter-pellet pores of quartz bed, whereas in H-ZSM-5 there is  an additional intra-crystalline 
diffusion. The shift in pulse peak time and delay in tailing over a H-ZSM-5 catalyst as shown in 
Summary 
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Fig.1 is due to the comparable time scales of diffusion in crystallite scale and pellet scale at 
373 K. Here, the pulse responses are described by additional equations, accounting for intra-
crystallite diffusivities through a flux-analysis based on hopping mechanism. The estimated 
values are in the order of the configurational diffusion regime.  
 
Fig.1. Experimental and simulated responses of argon from single-pulse experiments over H-ZSM-5 
catalyst at 373 K. (W = 8 mg). (black line – experimental response; red dashes – simulated response 
with Knudsen diffusivity, O`aa,bcdeZf  = 5.79 x 10-3 m2/s, intra-crystalline diffusivity, Dc = 7.8 x 10-12 m2/s; 
blue line - simulated response with O`aa,bcdeZf  = 5.79 x 10-3 m2/s calculated with the physical 
parameters from Table 3-1 and by using the equations 3-2 to 3-13). 
In the subsequent work, the mechanism of ethanol dehydration to ethene over H-ZSM-5 is 
highlighted in Chapter 4. The preferential path in ethanol dehydration mechanism, either 
direct or ether-mediated, is explained by the experimental and microkinetic modelling results. 
Single-pulse experiments of ethanol, ethene, diethyl ether and a cofeed mixture of C-13 
ethanol and C-12 diethyl ether in the temperature range of 473 – 573 K were performed over 
H-ZSM-5. The experimental and simulated responses of ethene from feeds of ethene, 
diethylether and ethanol are shown in Fig.2. 
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Ethanol showed an irreversible adsorption/reaction with accumulation and conversion to the 
only carbon-based product, ethene. In case of an ethene feed, there is only reversible 
adsorption with no conversion/accumulation. Single-pulse experiments of diethyl ether 
resulted in both carbon-based products ethene and ethanol. The cofeed mixture of C-13 
ethanol and C-12 diethyl ether produced ethene only from C-12 diethyl ether, which 
confirmed experimentally that the ether-mediated path is preferential over the direct path. 
 
Fig.2. Ethene responses from feeds of (a) ethene, (b) diethylether and (c) ethanol over H-ZSM-5 at 523 
K. (dotted line – experimental response; continuous line – simulated response with the ab initio based 
micro kinetic modelling parameters of elementary step 5 in Table.4-4, along with the other parameters 
involved in the feeds of diethylether and ethanol optimized by reparameterization using 500 K data by 
using equations 3-2 to 3-13). (W = 0.3 mg, nethene/pulse, Knudsen regime = 3 x 10-9 mol, ndiethylether/pulse, Knudsen = 3 
x 10-9 mol, nethanol/pulse, Knudsen = 2 x 10-9 mol, O`aa,`gh`Z`f  = 6.65 x 10-3 m2/s). 
A detailed reaction network with the kinetic parameters provided by ab initio based 
microkinetic modelling is validated with the experimental data in TAPFIT. The rate coefficients 
describing the ethene adsorption  process are in complete accordance (Fig.2a). The simulated 
responses for diethyl ether feed showed complete conversion with small quantities of the 
products, ethene and water. A reasonable agreement between the experimental and 
simulated responses (Fig.2b for ethene response) are obtained after optimization of the 
kinetic parameters by regression analysis in TAPFIT . These optimized single set of kinetic 
parameters well described the experimental responses even from the ethanol feed (here 
shown for ethene in Fig.2c) . Reaction path analysis with the updated kinetic parameters from 
microkinetic modelling in TAPFIT showed preference for the ether mediated path. The 
absence of gas phase diethyl ether is ascribed to the lack of catalyst saturation in the transient 
experimental conditions of TAP reactor. 
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Scheme.1. Reaction mechanism of ethanol conversion to hydrocarbons over a H-ZSM-5 catalyst. 
Species with * are adsorbed surface species; CnH2n – gas phase olefin, Cali*- aliphatic surface species 
and Caro*- aromatic surface species. 
In Chapter 5 of the thesis, the role of intermediates towards higher hydrocarbon formation is 
elucidated as shown in Scheme 1. As ethanol dehydration is mechanistically decoupled from 
higher hydrocarbon formation, ethene is used as a feed. In single-pulse experiments of ethene 
over H-ZSM-5, all higher hydrocarbon olefin products appear from the first pulse. The products 
that can be the potential intermediates, i.e. olefins, dienes, cyclodiene and aromatics, are 
utilized in single-pulse and pump-probe experiments. Catalytic cracking reaction pathways via 
aliphatic surface intermediates are identified from the single-pulse experiments of higher 
olefin feeds. However, aromatics only accumulate with no conversion to products. Pump-
probe experiments of higher hydrocarbons with ethene as probe molecule at different time 
delays reveal the synergetic influence by increasing the key surface intermediates in the 
hydrocarbon pool mechanism. Dienes lead to butene formation and cyclodienes lead to 
propene formation via aliphatic and aromatic surface intermediates, respectively. The 
classical acid catalyzed mechanisms are involved in the aliphatic surface intermediates, 
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whereas side-chain alkylation and paring mechanisms are at play for the aromatic surface 
intermediates. Dienes and cyclodienes are found to be intermediates between aliphatic and 
aromatic surface species. By increasing time delays in pump-probe experiments and from in-
situ temperature programmed desorption experiments, aliphatic surface species are 
identified as short-lived and aromatics as long-lived surface species. 
In experiments of isotope feed switching over a catalyst, coked under continuous flow for 
72  hr or in pulse conditions, the role of aromatic surface intermediate is elucidated. Carbon 
atom scrambling is observed in both propene and butene over the continuous flow-pretreated 
catalyst, whereas only in propene for the catalyst pretreated under transient conditions. The 
participation of aromatics at the external surface of the zeolite, without having any steric 
constraints towards both lighter olefins in the flow-pretreated catalyst illustrates the role of 
aromatic surface intermediates in the hydrocarbon pool mechanism. Depending on the 
catalyst saturation with aromatics, the hydrocarbon pool, containing olefinic and aromatic 
surface species, contributes towards product formation. An overview of the reaction 
mechanism from ethanol to hydrocarbons is depicted in Scheme 1. 
In conclusion, the TAP reactor technology has shown to be a versatile technique in validating 
the reaction mechanism of ethanol conversion to hydrocarbons over H-ZSM-5, from 
microkinetic modelling to high resolution intermediates information obtained from different 
experimental protocols and reactant feeds, including isotopes. 
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Samenvatting 
 
 In het kader van de behoeften voor menselijke ontwikkeling vormt technologische 
vooruitgang in het gebruik van hernieuwbare grondstoffen een belangrijk onderzoeksdoel. 
Het merendeel van de huidige energieconsumptie en chemische productie is gebaseerd op 
niet-hernieuwbare, ruwe olie. Onder de vele aantrekkelijk alternatieven blijkt ethanol van bio-
gebaseerde oorsprong een potentiële kandidaat om aan de noden te voldoen. Hoewel ethanol 
als brandstof kan dienen, wordt zijn rechtstreekse toepassing gehinderd door de beperkte 
compatibiliteit met de motor hardware. De ontdekking van zeolietkatalyse voor conversie van 
methanol naar koolwaterstoffen heeft evenwel een nieuw tijdperk ingeluid in het onderzoek 
naar petrochemische ontwikkelingen. De H-ZSM-5 zeoliet met een poriestructuur van 
gemiddelde grootte heeft het meest commerciële potentieel, omwille van zijn selectieve 
productie van koolwaterstoffen voor benzine, samen met een stabiele werking in vergelijking 
met andere zeolietnetwerken.  
Het doel van deze doctoraatsthesis is gericht op het ontrafelen van het reactiemechanisme 
van ethanolconversie naar koolwaterstoffen over een H-ZSM-5 zeoliet. Hierbij wordt voor de 
eerste keer gebruikgemaakt van de reactortechnologie Tijdsgebaseerde Analyse van 
Producten (Temporal Analysis of Products, TAP-3E) om het onderliggende mechanisme te 
onderzoeken. In de voorbije vier decennia heeft deze reactor al bewezen een veelbelovend 
instrument te zijn in het domein van heterogene katalyse. Hoewel de reactor onder 
atmosferische druk kan werken, ligt zijn meest opvallende toepassing in transiënte 
experimenten door middel van pulstechniek. Hieruit volgt immers informatie over 
intermediaire producten met milliseconde tijdsresolutie, vooraleer de reactie een stationaire 
toestand bereikt. Bovendien maken de goed gedefinieerde transportfenomenen van deze 
reactor een instrument voor kinetische karakterisering. De studie van de microporeuze zeoliet 
H-ZSM-5, tezamen met de  intermediairen aan het oppervlak, die meespelen in de conversie 
van ethanol naar koolwaterstoffen, vormt een voorbeeldonderzoek ter illustratie van de TAP 
technologie.  
Het belang van intrakristallijne diffusie in de microporeuze zeoliet H-ZSM-5, is experimenteel 
nagegaan worden door de temperatuur te variëren in hoofdstuk 3. De responsen voor argon 
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afkomstig van experimenten met enkelvoudige pulsen over een enkelvoudig niet-poreus 
kwartsbed en een configuratie met een dunne-zone, die ZSM-5 bevat, blijken verschillend bij 
373 K, terwijl de responsen bij 473 en 573 K samenvallen. Knudsen-diffusie is de enige vorm 
van transport in de poriën van de pellet in het kwartsbed, terwijl er in H-ZSM-5 ook een 
bijkomende intrakristallijne diffusie optreedt. De verschuiving van de pulspiektijd en de 
vertraging in de staartvorming over de H-ZSM-5 katalysator, zie Fig.1, zijn te wijten aan de 
vergelijkbare tijdsschalen van diffusie op kristalliet- en pellet-schaal bij 373 K. De 
pulsresponsen worden hier beschreven met bijkomende vergelijkingen, die de intrakristalliete 
diffusie in rekening brengen via een flux-analyse gebaseerd op het springmechanisme. De 
geschatte waarden liggen in het gebied van het configurationeel diffusieregime. 
 
Fig.1. Experimentele en gesimuleerde respons van enkelvoudige argonpulsen over een H-ZSM-5 
katalysator bij 373 K. (W = 8 mg). (zwarte lijn – experimentele respons; rode streeplijn – gesimuleerde 
respons met Knudsen-diffusie, O`aa,bcdeZf  = 5.79 x 10-3 m2/s, intrakristallijne diffusie, Dc = 7.8 x 10-12 
m2/s; blauwe lijn - gesimuleerde respons met O`aa,bcdeZf  = 5.79 x 10-3 m2/s, berekend met de fysische 
parameters uit Tabel 3-1 en met gebruik ven de vergelijkingen 3-2 to 3-13). 
In het verdere werk wordt het mechanisme van ethanol dehydratering tot etheen over H-ZSM-
5 toegelicht in Hoofdstuk 4. Het preferentiële pad in het ethanol dehydrateringsmechanisme, 
hetzij direct hetzij via ether, wordt verklaard via experimentele en microkinetische 
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modelleringsresultaten. Hiertoe werden experimenten van enkelvoudige pulsen met ethanol, 
etheen, diethylether en een gezamenlijke voeding van C-13 ethanol en C-12 diethylether 
uitgevoerd tussen 473 K en 573 K over H-ZSM-5. De experimentele en gesimuleerde 
etheenresponsen op het voeden van ethene, diethylether en ethanol zijn weergegeven in 
Fig.  2. 
Ethanol vertoonde irreversibele adsorptie/reactie met accumulatie en conversie tot etheen 
als enige koolstof-gebaseerd product, zie Fig.2. Bij een etheenvoeding trad enkel reversibele 
adsorptie op, zonder conversie/accumulatie. Experimenten met enkelvoudige pulsen van 
diethylether leidden tot twee koolstof-gebaseerde producten, nl. etheen en ethanol. De 
gemengde voeding van C-13 ethanol en C-12 diethylether produceerde enkel etheen met C-
12, hetgeen experimenteel bevestigde dat het pad via ether de voorkeur heeft over het 
directe pad. 
 
Fig.2. Etheenresponsen op voedingen van (a) etheen, (b) diethylether en (c) ethanol over H-ZSM-5 bij 
523 K. (puntlijn – experimentele respons; volle lijn – gesimuleerde respons, berekend met de op ab initio 
gebaseerde, microkinetisch modelleringsparameters van elementaire stap 5 in Tabel 4-4, samen met 
de andere parameters betrokken bij de voedingen van diethylether eb ethanol, geoptimaliseerd na 
herparametrizering op basis van de gegevens bij 500 K en gebruikmakend van de vergelijkingen 3-2 to 
3-13). (W = 0.3 mg, netheen/puls, Knudsen regime = 3 x 10-9 mol, ndiethylether/puls, Knudsen = 3 x 10-9 mol, nethanol/puls, Knudsen 
= 2 x 10-9 mol, O`aa,`gh``Zf  = 6.65 x 10-3 m2/s). 
Een gedetailleerd reactienetwerk met de kinetische parameters van een ab initio gebaseerde 
microkinetische modellering wordt gevalideerd met behulp van de experimentele gegevens 
van TAPFIT. De snelheidscoëfficiënten die etheenadsorptie beschrijven zijn in volledige 
overeenstemming (Fig.2a). De gesimuleerde responsen voor de diethylethervoeding 
vertoonden volledige conversie met slechts kleine producthoeveelheden etheen en water. Na 
optimalisering van de kinetische parameters door regressieanalyse met TAPFIT wordt een 
redelijke overeenstemming bereikt tussen experiment en gesimuleerde responsen 
(etheenresponsen in Fig.2b). Deze geoptimaliseerde individuele set van kinetische parameters 
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beschrijven de experimentele responsen zelfs voor de ethanolvoeding goed (etheenrespons 
in Fig.2c). Een analyse van reactiepaden op basis van de aangepaste kinetische parameters uit 
de microkinetische modellering in TAPFIT bevestigde de voorkeur voor het pad via ether. Het 
ontbreken van diethylether in de gasfase wordt dan toegeschreven aan onvolledige 
katalysatorsaturatie in de transiënte experimentele condities van de TAP reactor. 
 
Schema 1. Reactiemechanisme voor ethanolconversie naar koolwaterstoffen over een H-ZSM-5 
katalysator. Intermediairen met * zijn geadsorbeerd op het oppervlak; CnH2n – gasfase olefine, Cali*- 
alifatisch oppervlakintermediair en Caro*- aromatisch oppervlakintermediair. 
Hoofdstuk 5 van de thesis focust op de rol van intermediairen bij de vorming van hogere 
koolwaterstoffen, zie Schema 1. Aangezien ethanol dehydratering mechanistisch losstaat van 
de vorming van hogere koolwaterstoffen, wordt etheen als voeding gebruikt. Na enkelvoudige 
pulsen van etheen over H-ZSM-5 verschijnen alle hogere koolwaterstof-olefineproducten van 
bij de eerste puls. De producten die potentiële intermediairen zijn, i.e. olefines, dienen, 
cyclodiënen en aromaten, worden vervolgens gebruikt in enkelvoudige en pomp-probe 
pulsexperimenten. De reactiepaden van katalytisch kraken via alifatische 
oppervlakintermediairen worden geïdentificeerd op basis van enkelvoudige pulsen met 
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hogere olefines.  Evenwel stapelen de aromaten zich op zonder conversie naar producten. 
Pomp-probe experimenten van hogere koolwaterstoffen met etheen als probemolecule bij 
variabele tijdsverschillen tonen dat er een synergetische invloed bestaat door het toenemen 
van de sleutel-intermediairen aan het oppervlak in het mechanisme van de koolwaterstofpoel. 
Diënen geven buteenvorming, terwijl cyclodiënen tot propeenvorming leiden via 
respectievelijk alifatische en aromatische oppervlakintermediairen. De klassieke 
zuurgekatalyseerde mechanismes zijn betrokken bij de alifatische oppervlakintermediairen, 
terwijl zijketenalkylering en paarmechanismes van belang zijn voor de aromatische 
oppervlakintermediairen. Diënen en cyclodiënen zijn intermediairen tussen alifatische en 
aromatische oppervlakintermediairen. Door de tijdsverschillen in de pomp-probe 
experimenten te vergroten en op basis van in-situ temperatuur geprogrammeerde desorptie-
experimenten werden de alifatische oppervlakintermediairen geïdentificeerd als kortlevend, 
en de aromatische als langlevende oppervlakintermediairen. 
De rol van aromatische oppervlakintermediairen wordt verklaard met behulp van 
experimenten, waarin voedingen met verschillende isotopen worden afgewisseld over een 
katalysator, waarop koolstof is afgezet, hetzij onder een continue gasstroming gedurende 
72  u, hetzij onder pulscondities. Isotoopvermenging treedt op in zowel propeen als buteen 
op de katalysator behandeld onder continue stroming, maar enkel in propeen voor de 
katalysator die voorbehandeld werd onder transiënte omstandigheden. De aanwezigheid van 
aromaten op het externe oppervlak van de zeoliet, waar geen sterische hinder optreedt voor 
beide lichtere olefines op de continu voorbehandelde katalysator illustreert de rol van de 
aromatische oppervlakintermediairen in het mechanisme van de koolwaterstofpoel. 
Afhankelijk van de katalysatorsaturatie met aromaten, draagt de koolwaterstofpoel, die 
olefinische en aromatische oppervlakintermediairen bevat, bij tot de productvorming. Een 
overzicht van het reactiemechanisme van ethanol tot koolwaterstoffen is weergegeven in 
Schema 1.  
Tot slot, de TAP reactortechnologie heeft bewezen een veelzijdige techniek te zijn voor het 
valideren van het reactiemechanisme voor ethanolconversie naar koolwaterstoffen over H-
ZSM-5, van microkinetisch modelleren tot gedetailleerde informatie over intermediairen,  op 
basis van verschillende experimentele werkwijzen en voedingen van reagentia, waaronder 
isotopen. 
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Chapter 1  
 
 
Introduction  
 
1.1. Why Bio based Resources? 
Biomass is one of the potential replacements for the dwindling fossil fuel reserves. The large 
demand in oil with the globalization and increased usage of vehicles also targets to search for 
alternative sources of energy. In the current scenario, biomass valorization to biofuels is seen 
as an attractive alternative energy source due to severe repercussions of the fossil fuel usage 
towards the environment [1]. Vast majority of motor vehicles across the world rely on liquid 
fuel, which can possibly be balanced in a sustainable fashion by using biofuels. In particular 
bioethanol is sustainable owing to its production from renewable resources. Dating back to 
nineteenth century, ethanol was tested as a fuel in a prototype combustion engines by Samuel 
Morey and Nicholas Otto. In the later days, higher costs of ethanol compared to gasoline 
reduced its usage as a fuel. However it’s still being used as an anti-knocking agent, which 
enhances the octane number in the unleaded gasoline. Nevertheless the fluctuating crude oil 
prices rolled back interest towards ethanol as an alternative fuel, particularly during the 
1970’s oil crisis period [2]. This helps to maximize crude oil displacement, which thereafter 
reduces greenhouse gas emissions and increases opportunities to the local communities. 
A biofuel production should also be aimed at maintaining a positive life cycle energy balance 
in order to compete fossil fuel reserves. This factor might outweigh in replacing gasoline with 
bioethanol in a global liquid transportation fuel. Ethanol is used in various aspects of our life 
styles. On an industrial scale, it is used as a solvent in paints and perfumes. A 70 – 85% diluted 
ethanol solutions is served as an disinfectant. A more profitable and high income based 
alcohol industry also utilizes it. Besides, if ethanol is served as an transportation fuel, a 
majority of the population across the globe can be benefitted by protecting the 
environment  [3]. 
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1.2. Bioethanol  
1.2.1 Resources 
Bioethanol feed stocks are based on simple sugars (sugarcane/sugar beet, that are direct 
source of fermentable sugars glucose, fructose, sucrose), starch (corn), lignocellulose (wood) 
and marine species. An overview of biomass conversion and the processes used in ethanol 
production is shown in Fig. 1-1a and b.  
 
Fig. 1-1. a)Steps in biomass conversion pathways[5] b)Depiction of raw materials and processes used 
for ethanol production [2] 
b) 
a) 
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Simple sugar can be easily fermented to bioethanol. In case of starch, an additional 
saccharification process is implemented to depolymerize amylose and amylopectin structures 
in the polysaccharide containing hundreds of glucose units to simple sugars. Lignocellulosic 
biomass, often termed as second-generation feedstock, substitutes food crops in producing 
bioethanol. It consists of three components: cellulose (40-50%), hemicellulose (25-35%) and 
lignin (15-20%). Major challenges in using lignocellulosic biomass is in the removal of lignin 
and depolymerization of rigid polysaccharides to fermentable sugars [1].  With no competition 
to land and water and high content of polysaccharides, marine biomass (algae, seagrasses), is 
a promising third generation feedstock to bioethanol production [4]. 
The choice and use of feedstock is influenced by the climatic conditions. Simple sugars such 
as sugarcane were preferred in tropical areas, whereas Europe, USA preferred starch based 
crops such as corn and wheat. A country like France utilizes surplus wine towards ethanol 
production. India relied mostly on molasses, but being one of the populous country with a 
relatively less agricultural land, lignocellulosic feed stock would serve the country requirement 
with utmost feasibility. The largest exporter of ethanol is Brazil, while the United States and 
Europe were the largest importers. Currently, Brazil utilizes ethanol as 40% of its total fuels 
usage in both the direct or blended forms [6]. Most countries like India, China and Sweden 
encourage to use blends from 5 – 10% of ethanol in gasoline leading to higher ethanol 
consumption. 
Currently 95% of ethanol is from the agricultural based sources of which 40 % is from sugar 
cane, sugar beet and the remaining 60% from starch based crops [2]. Bioethanol from 
sugarcane/grain will increase the income levels for farmers, but a competition of these food 
grain with ethanol production has expanded the resources by utilizing the non-food crops. 
Though a complex technology is involved in using the lignocellulosic materials as a feed stock, 
the feed is mostly obtained as a byproduct of various processes in the agriculture. This makes 
lignocellulosic an attractive feed stock. 
1.2.2 Ecological importance 
Ethanol is a clean combustible feed, eco-friendly and moreover a renewable resource. It is a 
carbon neutral due to its complete combustion and uptake of the released gases by the plants 
that are needed for ethanol production. The only downside of this is the lower energy content 
of 68 % compared to the petroleum fuel [7]. The energy content of ethanol is 21.2 MJ/L, while 
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gasoline has 34.8 MJ/L (megajoules/liter). This difference is attributed to the presence of 34.7 
weight % oxygen in ethanol. However the combustion makes it a neat fuel. The typical 
combustion emissions from gasoline such as NOx, SOx, CO, HC (hydrocarbon) and particulate 
matter (soot, condensed fumes) should be minimized for an environmentally friendly fuel. 
Respiring PM-10 (< 10 micron size) impacts on health by retaining in the lungs. The results of 
Yucesu et al. showed that ethanol blends at 60 % decreased CO emissions by 10.8 % and 16.5 
% for HC emissions [8]. The percent change in life cycle greenhouse gas emissions shown in 
Fig. 1-2 account to CO2, methane and NOx. These data show that ethanol extracted from 
cellulosic feed stock sources is best fuel in reducing the greenhouse gas emissions. 
 
Fig. 1-2. Percent change in life cycle greenhouse gas emissions from renewable fuels relative to the 
petroleum fuel [9] 
1.2.3 Versatility to commercialization  
Industrially, ethanol is produced via hydration of ethene over the silica gel adsorbed with 
phosphoric acid catalyst. If the biofuel sources are bred and brewed from a variety of non-
food materials (cellulosic plants) without depending on the food crops (corn/sugarcane), 
these appear to be on the cusp of commercialization for large scale productions of biofuels. 
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Among all of the bioalcohols (biomethanol, bioethanol, bioproponal and biobutanol), 
bioethanol is most commonly used fuel in terms of production and consumption. Several 
countries are aiming to provide incentives in using bioalcohols as an alternative to gasoline 
from perspectives of energy security, depleting oil reserves, greenhouse gas emissions and 
employment opportunities to the local community. Initiatives taken by the government in 
form of tax credits to support automobile manufactures for using ethanol fuel transformed 
Brazil in to a leading position. Another example is in promoting flex-fuel vehicles with tax 
incentives.  
Major automobile industries like Ford have been focusing towards the production of vehicles, 
which can run either on gasoline or bioethanol (up to 85%) blended gasoline, E85. In the 
current vehicles, a high concentration of ethanol blend to gasoline lead to lower vapor 
pressures thereby causing difficulties to the engine startup in cold weather conditions (< 288 
K). The corrosive nature of ethanol can lead to degradation of materials used in the engine. 
So, the traditional gasoline based motor vehicles can accommodate a limited amount of 
ethanol as a fuel only and moreover the hygroscopisity of ethanol can also block the fuel lines 
in cold and humid weather conditions. In the present-day spark ignition engines, an ethanol-
gasoline blends of up to 16.5 vol% can be used without any modifications. This blending 
decreases CO concentrations, improves combustion and thereafter causes improved engine 
performance [10]. The International Energy Agency (IEA), based in Paris, proposed to increase 
the biofuels consumption towards global transport fuel from the current  2% in 2011 to 27% 
in 2050 [11].  
In simple sugar sources, a 30 % high sucrose concentration with an easier extraction process 
preferred sugarcane crop over corn. Besides, the bagasse can be used in producing steam and 
electricity. Brazil depends on sugarcane, whereas United States on corn/wheat for bioethanol 
production. Non-food dependent feed stocks such as sorghum (sucrose feed stock) and 
cassava (starch feed stock) are becoming more prominent in the developing economies like 
India [12]. Sugars are fermented by cultured yeast at around 308-313 K to produce ethanol. 
Yeasts are inhibited for the fermentation process at beyond definite concentrations of 
ethanol. Certain types of yeasts that are capable to resist up to 18 – 20 vol % of ethanol are 
used in alcoholic beverages. As these yeasts are expensive, they are currently not used in 
producing commercial fuel grade ethanol.  
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Some of the challenges faced by bioethanol production from lignocellulosic sources (woody 
biomass) involves in energy requirement for pre-treatment of the feed stock, higher cost of 
enzymes in the hydrolysis step, process scale-up along with the procedures and costs involved 
in pre-treating the effluent chemicals [13]. An optimization of these procedures can greatly 
enhance the ethanol production on a commercial scale. The hydrolysis of hemicellulose in 
lignocellulosic material produces xylose, which cannot be metabolized by the typical yeasts 
(Saccharomyces cerevisiae). Research work for the production of yeast and bacteria for 
fermentation of these are in progress, which could improve the scope of lignocellulosic feed 
stock sources.  
Third generation feedstock based on marine species use water, carbondioxide and sunlight to 
biomass production. Among all groups of microalgae, cyanobacteria of blue-green algae group 
is preferred for biofuels production. An average of 50 % sugars and protein content in the 
algae are used towards bioethanol production, whereas the rest of the lipid content is used 
for biodiesel production [4]. Various biofuel feed stock sources for bioethanol, biodiesel, 
methane and hydrogen can be obtained. The yearlong harvesting of microalgae in a non-
arable land with a bio fixation of carbondioxide is an beneficial among all other feed stock 
resources. Besides, the valuable products of residual biomass can be used as fertilizers [14].  
  
1.3. Zeolites 
Zeolites are crystalline aluminosilicates, where some of the Si4+ in the silica framework are 
replaced by Al3+ to maintain an overall negative charge. The electroneutrality of the system is 
preserved by the cations located in the cavities. These properties along with the pore 
structures of molecular dimensions employed zeolites in catalysis for adsorption, gas 
separations and petrochemical industries [15]. In one of the surveys performed by Tanabe et 
al. [16], it was shown that more than 40 % of the industrial processes such as alkylation, 
isomerization, hydrocracking, aromatization, MTG/MTO etc., are catalyzed by zeolites. MFI-
type zeolite holds second place in consumption after FAU-type zeolite. Some of the 
applications of natural zeolites include removal of ammonium cation in drinking water by 
Clinoptilolite zeolite, cesium removal from nuclear plant waste waters by Chabazite zeolite 
[17]. 
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1.3.1 H-ZSM-5 
The classification of zeolites is on the basis of framework type, where the tetrahedrally 
coordinated atoms are connected with the highest possible symmetry [18]. On basis of pore 
opening size, an 8-ring (≈ 0.41 nm) is considered to be a small pore, a 10-ring (≈ 0.55 nm) as a 
medium pore and 12-ring (≈ 0.74 nm) as a large pore zeolites. The medium pore zeolites such 
as ZSM-5, ZSM-11, ZSM-22 etc., has played a crucial role in shape selective catalysis. As 
opposed to small pore zeolites which are preferable to the selective conversion of straight 
chain molecules, the medium pore zeolites were selective to certain type of branched 
molecules, aromatic (with varied rings number) products [19]. In acid catalyzed reactions, the 
medium pore zeolites containing the uniform pore dimensions with no large super cages made 
it higher resistance towards coke formation. Nevertheless, the aluminum content in the 
zeolite also directly related the coke formation as evidenced in methanol to hydrocarbons 
over H-ZSM-5 [20].  
The structure of H-ZSM-5 was first proposed by Kokotailo et al., [21]. It has a bidirectional 
intersecting channels system containing elliptical straight and circular sinusoidal channels of 
cross sections 0.55 X 0.51 nm and 0.54 X 0.56 nm respectively. The size at the channel 
intersection for straight channel is 1 nm and sinusoidal channel is 1.2 nm. H-ZSM-5 with Si/Al 
ratio of above 500 is referred to as silicalite. Ethanol fermentation stops at around 12 wt% of 
alcohol in the solution. The ethanol-water azeotrope composition is a temperature and 
pressure dependent. At 351 K and 101 kPa, the azeotrope composition is 89.5 mol% of ethanol 
(95.6 vol%) with 11 mol% water and below 303 K there is no azeotrope formation [22]. So H-
ZSM-5 can be used as an adsorbent to uptake ethanol and use it in further conversion towards 
gasoline range hydrocarbons [23].  
1.4. Reaction mechanisms  
1.4.1 Ethanol dehydration 
Ethene is one of the key building block utilized in the current day technological applications. 
One of the most familiar technology is Shell Higher Olefin Process (SHOP) [24]. It involves a 
controlled geometric distribution of α – olefin production from ethene over a nickel based 
organometallic catalyst. Some of the commercial products utilizing α – olefin include linear 
low density polyethene as a packaging material, detergent range alcohols in surfactant 
markets etc. In the last century ethene has also made a significant contribution towards 
ethanol production. Ethene production via catalytic dehydration of ethanol was first reported 
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in literature on 1797 [25]. On a commercial scale, the ethene production over a alumina 
catalyst was established in 1913 in Germany at Elektrochemische Werke G.m.b.H [26]. The 
demand for high grade ethylene led to the development of phosphoric acid based catalysts 
[27]. Further technologies in ethene production involved oil based steam cracking plants [28]. 
Several factors such as higher operating temperatures (> 673 K) over an alumina based catalyst 
or a rapid deactivation by coking as in supported phosphoric acid based catalysts or the 
fluctuating crude oil prices for steam cracking plants towards ethene led to the development 
of zeolite catalysis with bio based feedstock as source of ethanol.  
 
Fig. 1-3. Possible reaction pathways for ethanol dehydration to ethene [27] 
As shown in Fig. 1-3, the dehydration of ethanol could convert to ethene via parallel or series 
or a combination of parallel and series reactions. In parallel reaction [29], ethanol converts to 
ethene or diethyl ether by individual pathways. In case of series reactions [30], the 
intermediate diethyl ether is a source of ethene formation. However in parallel series 
reactions, ethanol could directly form ethene or through ether mediated pathway. Reyniers 
et al. [31] has studied the parallel series reaction pathways in more detail by ab initio based 
microkinetic modelling. An extension of the work with more additional mechanisms in the 
parallel series reactions are developed and compared with the steady state experimental data 
by Alexopoulos et al [32]. The product selectivities could be tuned according to the ethanol 
site time, partial pressure and temperature of the reaction.  
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The active sites in the acid catalyzed reactions by zeolites as in ethanol dehydration reaction 
are claimed to be the Brønsted acid sites [30]. Kondo et al. [33] identified the presence of a 
covalent ethoxy species as a stable intermediate over a Brønsted acid site. Another interesting 
research work from Takahara et al. [34] showed that the ethene product increase the activity 
of ethanol dehydration reaction by increasing the acid sites in the catalyst. In contrast to this 
work, Phillips et al. [35] identified a drop in activity with time compared to the fresh catalyst. 
This was due to ethene oligomerization leading to the development of carbonaceous deposits, 
which block the active sites.  
1.4.2 Higher hydrocarbon formation 
A medium pore shape-selective zeolite of approximately 0.5nm has led to the discovery of 
methanol to gasoline (MTG) process by a research team at Mobil company in 1976 [36], where 
methanol has converted to >99 % to a range of hydrocarbons containing up to 11 carbons. 
This stimulated the quest of the underlying mechanism in the scientific community from the 
past four decades. Understanding mechanism of a reaction could optimize the catalyst 
properties towards a selective product with a better resistance to coke formation. A lot of 
debatable theories came into existence to explain the mechanism and the first C-C bond 
formation [37]. In accordance to hydrocarbons formation from methanol feed, similar 
theories were applied to ethanol feed in view of comparable gas phase products and retained 
material in the catalyst. So, some of the pronounced operating mechanisms that are common 
to both of the alcohols will be discussed in the further sections.  
1.4.2.1 Classical mechanisms 
The Onium ylide mechanism [38] is explained by the proton abstraction from a 
trimethyloxonium ion to form a methylenedimethyloxonium ylide. Further methylation with 
dimethyl ether and subsequent cleavage of the intermediate produces ethene and dimethyl 
ether. Once ethene is formed, it can undergo oligomerization, cyclization and hydrogen 
transfer steps to form higher olefins, alkanes and aromatics. In a carbene mechanism, a 
concerted bimolecular reaction as shown in Fig. 1-4 between the carbene (methylene 
diradical) formed from α elimination in methanol to the methanol or dimethyl ether with 
subsequent protolysis leads to olefin formation [39].  
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Fig. 1-4. Carbene based concerted bimolecular reaction in methanol to olefins formation [39] 
1.4.2.2 Carbon pool mechanism 
In experiments of C-13 labelled methanol and C-12 ethene from ethanol over a SAPO-34 
catalyst, the carbon in propene is mainly from methanol, which led to the proposal of a new 
‘carbon pool’ mechanism [40]. It defines that the reaction occurs via an adsorbate, (CH2)n to 
which the reactants are fed continuously and products splits off as depicted in Fig. 1-5. In 1994, 
the adsorbate in carbon pool mechanism is speculated as a carbonaceous species and the 
exact nature of it is not detailed. 
 
Fig. 1-5. Carbon pool mechanism as depicted in 1994 [41] 
1.4.2.3 Dual cycle mechanism 
The nature of adsorbate in carbon pool mechanism was elucidated from the isotope feed 
switching experiments [42]. Herein H-ZSM-5 catalyst at 623 K was fed with C-12 methanol for 
18 minutes and the effluent was monitored after switching back to C-13 methanol with varying 
time on stream. Olefins from C3 to C6 contained a similar C-13 content and ethene with 
aromatics followed same trend with lesser C-13. This distinguished two different cycles 
operating within the carbon pool mechanism termed as ‘Dual cycle’ mechanism as depicted 
in Fig. 1-6. It contains an alkene based cycle by which the methylations and cracking reactions 
lead to higher olefin production except ethene. The aromatics take part in ethene production 
Introduction 
 
11 
 
via sidechain alkylation and paring mechanisms. The lower methylbenzenes retained in the 
catalyst material were ascertained to take part in aromatic based cycle for ethene formation.    
 
Fig. 1-6. Dual cycle mechanism in methanol to hydrocarbon formation [43] 
However, the first C-C bond unexplained by the dual cycle mechanism is described by the 
group of Lercher [44] via a Formose-type reaction. Here, the reactive formaldehyde formed 
by the hydride transfer among methanol molecules over a H-ZSM-5 underwent Formose-type 
reactions for the formation of first cyclic species. 
1.4.2.4 Autocatalytic mechanism 
The hydrocarbon formation from methanol feed increased with time on stream, which is 
depicted by an S shaped curve. Such a mechanism is defined as autocatalysis, where the olefin 
products formed during the induction period accelerate the reaction and is evidenced by the 
decreased induction time when methanol is cofed with olefins [45]. A similar kind of decreased 
induction time is witnessed in higher hydrocarbons formations from feeds of varying carbon 
number over H-ZSM-5 as shown in Fig. 1-7 [46]. 
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Fig. 1-7. Conversion with site time for feeds of ethanol ( ▪, black), ethene (○, red), propene (•, blue), 
and methanol (▾, green) over H-ZSM-5 [46]. 
 
1.4.2.5 Radical assisted mechanism 
An additional mechanism based on radical species has been proposed by Madeira et al. [47] 
in ethanol to hydrocarbon reaction over H-ZSM-5. The catalyst coked with varying time on 
stream ethanol feed was characterized for the retained material by using an electron 
paramagnetic resonance continuous wave (EPR-CW) technique. The signals detected in the 
EPR-CW spectra as shown in Fig. 1-8 indicated the presence of radicals. Moreover it was 
claimed that despite the loss in acidity and microporosity of the catalyst due to coking, it still 
remained active towards higher hydrocarbon formation. These led to explain the catalyst 
activity via a radical assisted mechanism. It was also mentioned that at higher time on streams 
(30 hr), there was a drop in radical species formation and catalyst deactivated due to the bulky 
and stable coke molecules.    
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Fig. 1-8. EPR-CW spectra of fresh and coked samples of H-ZSM-5 with varying time on stream [47] 
1.4.2.6 Hydrocarbon pool mechanism – Aliphatic and Aromatic surface species 
One of the recent works in understanding the mechanism of ethanol to hydrocarbons 
conversion over H-ZSM-5 was supported from transient, continuous flow experiments with 
quantum chemical calculations and UV-Vis spectroscopic characterization [46]. Here ethanol 
dehydration and higher hydrocarbon formation mechanisms are decoupled as shown in Fig. 
1-9. 
 
Fig. 1-9. Reaction mechanism of ethanol conversion to hydrocarbons over H-ZSM-5 [46] 
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Furthermore, the olefin production resulted from three consecutive routes, which are 
mediated by aliphatic and aromatic surface intermediates after development of sufficient 
surface species other than the chemisorbed ethene in Route I. Aliphatic surface intermediates 
undergo β-scission, isomerization and alkylation via Route II, whereas aromatic surface 
intermediates via paring and side-chain reaction mechanisms via Route III.  
1.5. Scope of Temporal Analysis of Products reactor 
Temporal analysis of products (TAP) reactor is an emerging technological advancement in the 
field of heterogeneous catalysis. Four decades ago, the idea behind this technique was 
brought in existence to the scientific community by Dr. John T Gleaves [48, 49]. It was aimed 
to extract the mechanistic information of the reactions with a minimum perturbation to the 
catalyst by allowing only gas-solid interactions and minimizing gas-gas collisions. The probe 
molecules are fed as small pulses, which are 2-3 orders lower than the amount of active sites 
in the catalyst. The introduced feed pulse is collected at the exit of the micro-reactor as a time 
dependent response using a quadruple mass spectrometer with milli-second time scale 
resolution. Though a high vacuum of 2 X 10-5 Pa is maintained at the exit of the micro-reactor, 
the typical pressure inside the micro-reactor during the pulse injection is 0.2 to 20 Pa. This 
bridging of TAP reactor between ultrahigh vacuum surface science technique and high 
pressure experimental set-up’s is one of its kind in validating the reaction mechanisms [50]. 
Contrary to ESCA (electron spectroscopy for chemical analysis), which provides information 
for a well-defined catalyst surface, the information obtained from pulse responses over a 
catalyst of mixed phases extends TAP set-up usability to a wide range of catalytic systems.  
 
Fig. 1-10. a) Reaction mechanism [51] and b) microkinetic modelling [52] of toluene total oxidation 
over CuO–CeO2/Al2O3   
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In a recent work, TAP reactor has been utilized for understanding the reaction mechanism of 
toluene total oxidation over CuO–CeO2/Al2O3 from the works of Menon et al. for 
understanding the role of lattice and adsorbed oxygen along with the reaction paths as 
depicted in Fig. 1-10a [51]. A detailed microkinetic modelling described the observed reaction 
paths as shown in Fig. 1-10b [52].  
 
Fig. 1-11. TAP-3E set-up at LCT, UGent. 
The current project on ethanol to hydrocarbons conversion seem to be one of the ideal 
reactions to utilize Temporal Analysis of Products reactor (see Fig. 1-11) in a full-fledged 
manner.  
 In first step, as the principle of TAP reactor is based on a well-defined transport, it 
would be helpful in determining the intra-crystallite diffusivity inside a microporous 
zeolite material and their significance in the reaction conditions.  
 In case of ethanol dehydration reaction, it was known that dehydration can occur 
directly or via diethyl ether intermediate. As TAP is operated in transient experimental 
conditions, the obtained intermediate and product responses could be utilized in 
qualitative aspects and also the kinetics of the reaction extracted from the microkinetic 
modelling identifies the preferred reaction path.  
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 The most stimulating task of the project involves in utilizing the set-up towards the 
higher hydrocarbon formation from ethene over H-ZSM-5 catalyst. Though pulse 
intensities outside Knudsen regime were applied, the development of intermediates 
along with the role of surface species by using isotope feed switching experiments and 
temperature programmed desorption experiments could provide insights of the 
underlying mechanism. 
1.6. Outline of the thesis 
This thesis contains six chapters starting with the current chapter on introduction, then 
experimental set-up, methods and materials, three main chapters along with a conclusion and 
outlook from the current research work. 
Chapter 2 focusses on detailed description of TAP-3E experimental set-up, including both 
hardware and software, quartz based micro-reactor, different types of experimental 
procedures and data analysis. 
Chapter 3 presents the estimation and validation of intra-crystalline diffusion in an H-ZSM-5 
microporous zeolite over a range of temperatures by flux analysis based on hopping 
mechanism. 
Chapter 4 discusses the ethanol dehydration mechanism from single-pulse experiments of 
ethanol, cofeed mixtures of ethanol with diethyl ether. This is complemented with the 
microkinetic modelling of ethene, diethyl ether and ethanol experimental data by including 
the detailed reaction network obtained from ab initio based microkinetic modelling. Reaction 
path analysis from TAP and ab initio based kinetic parameters are provided for the preferred 
path. 
Chapter 5 deals with the role of intermediates in ethene to hydrocarbons formation from the 
development of products by using various feeds of higher olefins. The role of surface species 
are identified from the temperature programmed desorption studies and pump-probe 
experiments with ethene as probe and potential intermediates of the reaction as pump 
molecules. For an extensive role of surface species, catalysts coked under flow and transient 
conditions are validated in isotope scrambling experiments. 
Chapter 6 summarizes the conclusions at various levels of this thesis work along with a 
prospective discussion of the research in the domain of this thesis.  
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Chapter 2  
 
 
Experimental set-up and procedures  
 
2.1. Introduction 
The entire experimental research work of this thesis is focused with the Temporal Analysis of 
Products (TAP-3E) reactor. This is the one of the latest third generation reactor [1], which has 
been utilized for the first time to study the bioethanol conversion to hydrocarbons over H-
ZSM-5 catalyst [2, 3]. The experimental technique is unique in terms of validating the 
mechanistic insights[4-7] which can bridge the material-pressure gap from ultrahigh surface 
science techniques to the high pressure experimental set-ups [8]. TAP reactor is capable of 
operating experiments in both pulse and continuous flow modes. Pulse technique allows to 
precisely monitor the gas – catalyst interaction by operating in Knudsen regime. This kind of a 
system is particularly beneficial in developing the heterogeneous catalysts, where the 
structure of the catalyst surface is not well defined [9]. The low pulse intensity used in the 
pulse mode does not perturb the catalyst state and hence can provide insights of the reaction 
[10].  As the flow is simplified by a diffusion over a quartz bed, this helps to extract the kinetic 
parameters of the reaction involved over a catalyst surface. Moreover the transient 
experiments could also identify the short life timed intermediates due to higher resolution of 
the data acquisition with millisecond time scale, which would not have been possible in steady 
state experiments. In some of the reactions such as bioethanol conversion to hydrocarbons, 
it is crucial to understand these intermediates development at the initial state of the catalyst 
to identify the reaction mechanism [3].   
A detailed description of the reactor from the hardware assembling and its integration to the 
data acquisition system of the software along with the micro-reactor used for packing the 
catalyst is discussed in section 2.2. The versatility of the reactor for a wide range of 
experiments shown in section 2.3 are aimed to obtain information at all different possibilities 
for understanding the reaction mechanism. The preliminary data processing is dealt in Section 
2.4. Also, the procedure to obtain quantitative information in terms of transport and kinetics 
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is explained. In the final section 2.5, all information about the catalyst and gases used in the 
research will be outlined. 
2.2. TAP-3E reactor – Hardware and Software 
2.2.1 Set-up overview 
A schematic overview of the TAP-3E reactor is shown in Fig. 2-1. In addition to the reactor, 
pneumatic controls, sensor controls, MS Command System, QMS DC Power Supply and other 
peripheral devices are housed in the two electronics cabinets. The system is updated with an 
improved design to overcome many of the challenges faced by the older versions of TAP 
reactor. A detailed description of the challenges and the necessary upgrades were described 
elsewhere [11]. The TAP system consists of the following sections: 
1) Gas Blending section 
2) Manifold assembly 
3) Micro-reactor 
4) Mass spectrometer chamber 
5) Main chamber containing liquid nitrogen trap 
6) Vacuum system 
7) Data acquisition 
The top right corner is pictured with the gas-blending tanks, where gases and liquids of a fixed 
partial pressures with respect to the inert gas can be prepared. These feed can be used for 
both pulse and continuous flow experiments. All of these gas lines are connected to the 
manifold assembly, which contains pulse valve injectors for feeding gases as pulses and 
continuous flow valve for flow conditions. The entire section is heated so as to maintain the 
feed in vapor form with a minimum of 383 K temperature by silicone heating pads and flexible 
habia cables. A micro-reactor containing the catalyst bed is positioned beneath the manifold 
assembly. Slide valve at end of the micro-reactor can switch from pulse to flow experiments. 
The valve in open position connects the high vacuum to the micro-reactor, where pulse 
experiments can be performed. By closing the valve, the vacuum can be protected from the 
gas flows with the continuous flow valve. This slide valve has a connection to the vent and an 
integrated needle valve to send a part of the gas to the mass spectrometer for the 
quantitative/qualitative analysis.   
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Fig. 2-1. Schematic view of the complete TAP-3E reactor. 
The current mass spectrometer is Extrel 150QC quadruple with tungsten based filaments. It’s 
capable of recording m/z ratios of 1 to 200 AMU with a milli-second resolution. The filament 
Pneumatic valve 
Chapter 2 
 
24 
 
of the mass spectrometer is placed perpendicularly at exit of the reactor, with less than a 
centimeter distance between them. This helps to collect majority of the pulsed quantity by 
the mass spectrometer with minimum backscattering by the high vacuum [12]. These pulse 
responses can be converted to molar flows using absolute calibration factors. The mass 
spectrometer chamber also contains an inverted magnetron pirani gauge, FRG-700 with a 
combined pirani and cold cathode system capable of measuring up to 5 X 10-7 Pa from Varian 
company. A liquid nitrogen trap of around 20 liters capacity, which is positioned concentrically 
to the main chamber acts as an additional vacuum system by condensing the molecules. These 
two chambers are separated by a main gate valve. The vacuum in the TAP reactor is generated 
by a combination of various pumps at various positions for an efficient build-up of the vacuum 
at the micro-reactor. More detailed information regarding the gas feed section, manifold and 
vacuum will be discussed in the following sections.   
2.2.2 Feed preparation chambers 
The detailed flow chart of the gas feeding section is provided in Fig. 2-2. It consists of four 
blend tanks (BT-) A,B,C and D of which two tanks C and D are heated to 383 K. Each tank 
contain a piston, which is manually operated by bellows for preparing good mixtures of the 
gas. The tanks C and D contain an injection port (IP-) through which liquids can be injected. 
These liquids are vaporized before they are sent into the micro-reactor. Gas pressures into the 
blending tanks are precisely tuned with the help of a needle valve (NV-). One end of the tanks 
are connected to the mechanical vacuum pump (MP-2) via vacuum manifold (VM-2). Through 
this manifold, gases in the blending tanks are evacuated. Another vacuum manifold (VM-1) 
connected to the same mechanical vacuum pump is used for creating vacuum at different 
parts in the TAP reactor.  
There is another source of gas supply which is aimed for flow experiments. The schematics of 
this along with other gas and vacuum lines to manifold assembly is shown in Fig. 2-3.  The 
gases used in flow experiments are passed through a mass flow controller (MFC-), manifold 
before they are sent into the micro-reactor with the help of a continuous valve (CLV). The 
calibrated chamber volume (CV) of 1.1 ml is used in calculating the volume of the line from 
the valve CV-2 till tip of the pulse valve, C. This 6.5 ml estimated volume is used as a feed line 
for monitoring the pressure drop in the calibration experiments. 
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Fig. 2-2. Flow chart of the gas preparation section with blending tanks of TAP-3E reactor. 
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As shown in Fig. 2-2, a couple of vacuum lines (PMV, CLV-1) from the mechanical vacuum 
pump-2 (MP-2) through vacuum manifold, (VM-1) is connected to the gas lines used for pulse 
(PVV-A,B,C and D) and flow (CLV-2) experiments. These can be used to evacuate the gases 
inside the manifold. The pre evacuation of the micro-reactor assembly is performed with the 
vacuum line connected to the slide valve (2) from the mechanical vacuum pump-2. The gases 
for pulsing are fed into the micro-reactor using the pulse valve injector housed in the manifold. 
Whereas the flow experiments are controlled with the help of a continuous flow valve (CLV). 
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2.2.3 Manifold assembly 
The schematics of the manifold assembly is given in Fig. 2-4. It contains four pulse valves and 
one continuous valve. The front view of the manifold shows two pulse valves and a continuous 
flow valve. Each of these are connected to the separate gas lines as discussed in the previous 
section. These have a possibility to connect to a pressure transducer for measuring pressures 
at the valves. Additionally the manifold also contains four pneumatically operated cylinders 
for connecting the vacuum line to the pulse valve injector. The tip of the pulse valve is 
manufactured with the VESPEL polymer, the continuous valve with the Viton polymer. The 
tips of the  pneumatically operated cylinders are made of Teflon. Considering various materials 
used inside the manifold beside the stainless steel and aluminum body, the temperatures 
were regulated at 373 K for the feed to maintain vapor form. One has to be cautious in using 
various chemicals such as acids and amides as a feedstock. These might be corrosive and can 
damage the pulse valves. 
 
Fig. 2-4. Schematics of the manifold assembly housing pulse valves and continuous feed line. 
 
The continuous flow valves are operated pneumatically, whereas pulse valves are driven by 
electromagnetically. The steel disk connected at one end of the pulse valve shaft is pulled back 
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by the magnetic force as a result of electromagnetism developed with the help of an electric 
current passing through the copper coil. This activates the valve to release gas into the micro-
reactor for a specified amount of pulse valve opening time, typically termed as pulse width. 
However the pulse intensity can also be tuned with the pulse valve voltage and the manual 
adjustment of the pulse valve stem length by changing the tension of the spring coiled around 
the valve.  
The bottom part of the manifold contain a proboscis which seals and connects to the micro-
reactor. It contains a considerable dead volume and is filled with the inert quartz bed. This 
part of the system is not heated and so a 
temperature gradient is observed across the micro-
reactor. For an inert gas traversing through the 
quartz bed, the response could not be fully described 
by a diffusion phenomenon, which is caused by the 
delay as seen in tailing of the pulse response. A 
modification to the proboscis is implemented to overcome the dead volume. Upon examining 
different designs, the proboscis with minimum cross section (internal diameter changed from 
4 to 0.8 mm) and a smaller length (changed from 12 to 8 mm) minimized temperature gradient 
and now the TAP pulse data can also be modelled for higher temperatures. 
2.2.4 Vacuum  system 
The Varian DS-202 dual-stage rotary vane mechanical vacuum pump (8.3 m3/h) is used to 
generate the roughing vacuum for the mass spectrometer chamber. Due to large volume of 
the main chamber, a high pumping speed of 40 m3/h dual-stage rotary vane mechanical 
vacuum pump (MMP) from TRIVAC B is used. The turbomolecular pump, V 301 from Agilent 
technologies connected to the mass spectrometer chamber is capable of reaching pressures 
up to 5.10-8 Pa. Agilent technologies VHS-400 Diffusion pump creates vacuum in the main 
chamber in the operating ranges of 6.5.10-7 Pa. The baffle over the diffusion pump is designed 
to open only during the experiments in order to protect the mass spectrometer from 
impurities of the diffusion pump vacuum oil. Also, the main gate valve is opened to connect 
both the chambers and the typical vacuum in the mass spectrometer chamber is reached to 
2.10-5 Pa.  
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Fig. 2-5. Flow chart of the vacuum system used in TAP-3E reactor. 
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2.2.5 Micro reactor 
The micro-reactor used in TAP-3E is a cylindrical quartz tube encased with the steel as shown 
in Fig. 2-6. The dimensions of the reactor are 47.5 mm length with a 4 mm internal diameter. 
Type K thermocouple is positioned approximately at center of the reactor bed, where catalyst 
is typically located. The reactor is heated with the resistor element by converting the 
electricity into heat from the resistance of nickel-chromium alloy wrapped around the quartz 
tube. The whole reactor including all different materials is tested and capable of reaching 
temperatures up to 1123K. A cooling water system is maintained at both ends of the reactor 
in order to protect the Viton O-ring sealing’s from the high temperatures. A thin-zone tap 
reactor (TZTR) configuration is implemented at the micro reactor packing. Here length of the 
catalyst bed sandwiched between layers of inert quartz bed is in 1:30 ratio’s. This helps to 
maintain uniformity in the gas and surface concentrations across the quartz and catalyst beds 
[13]. Such configuration can help to distinguish transport from the kinetics [14, 15].  Even a 
single catalyst particle loading is made possible in TAP reactor technologies, which is  proven 
to be an efficient tool for obtaining the kinetic information [16].      
 
Fig. 2-6. Manual quartz reactor encased with a steel body used in the experiments of TAP-3E reactor. 
2.2.5.1 Temperature profile 
The isothermal temperature zone is located from 20 to 30 mm along axial direction from top 
of the reactor. The typical position of the catalyst is located at 25 mm from top of the reactor 
and is around 1 mm thickness in thin-zone configuration. The extreme ends of the reactor 
have temperature losses due to the water cooling system. Nevertheless, the closer 
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temperatures to the set point at the catalyst bed provides accurate information at the reaction 
conditions. 
2.2.6 Data acquisition 
The data acquisition and system control is coordinated from a TAP-3E Automation and Control 
Software (TAP-ACS) developed in LabVIEW platform. RS232 communications between the 
controller and the computer is updated every second. The TAP system control front panel  
records reactor temperature along with the MS chamber pressure and pulse valve pressure 
using a high accuracy pressure transducers with each pulse or scan. All pneumatic valves are 
controlled through this panel and a status monitor displays alarm conditions to the user.  Data 
from the magnetic position sensors are also displayed on the control panel. Merlin 
Automation™ Data System software initiates communication between the computer and the 
MS command system. The scan from the software is stopped and the acquisition is obtained 
in TAP software. However, all of the mass spectrometer settings (multiplier voltage) in still 
controlled by Merlin Automation™ Data System software. 
The data acquisition is operated either in ‘scan’ or ‘transient’ mode.  The scan mode shown in 
Fig. 2-7 allows the user to scan the system background.  The transient mode shown in Fig. 2-8, 
allows the user to monitor pulse response data. Up to 12 AMU’s pulse responses can be 
monitored in the TAP software. Data saved in TDMS format is converted to TAP format using 
the plugins for further processing of the data. Various meta data information like the 
experimental settings, reactor temperatures, along with the MS chamber pressure and the 
pulse valve pressure collected at each pulse for each AMU with millisecond time scale 
resolution is stored in the recorded file. 
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2.3. TAP-3E reactor – Types of experiments 
2.3.1 Scan experiments 
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Fig. 2-7. Data with a maximum m/z of 200 amu collected from the scan mode experiments in TAP-3E 
reactor.  
Scan experiments can be performed with user specified m/z ranges, where the mass 
spectrometer is capable of detecting up to 200 AMU. The background inside the TAP reactor 
is obtained from the scan experimental data as shown in Fig. 2-7, which contain peaks at 14, 
16, 18, 28 and 32 AMU’s. These signals corresponds to water (18), nitrogen (14 and 28) and 
oxygen (16 and 32) that are present in a typical vacuum. Before starting any pulse or flow 
experiments the spectrum from the scan data inside the reactor chamber is examined for any 
impurities and/or for a minimum and stable nitrogen (28 AMU) signal to signify a good 
vacuum. The scan experiments can also be useful in monitoring the desorbed species with 
increasing temperatures after stopping the feed. This is equivalent to the temperature 
programmed desorption studies where the surface species formed during the reaction can be 
detected.  
Experimental set-up and procedures 
 
33 
 
2.3.2 Pulse experiments 
The transient experiments are unique to the TAP reactor set-up, which provides valuable 
information about the reaction mechanism. As discussed in the previous section, the TAP 
reactor houses four pulse valve injectors. These valves can be used individually or in a 
combination depending on the aim of experimental information. The pulse experiments are 
operated in a high vacuum background (2.10-5 Pa) with low pulse intensities (1014-17 
molecules/pulse). The fingerprint region for the TAP experiments would be in Knudsen 
conditions, where only diffusive flows exist and the gas-solid interactions can be monitored 
by maintaining larger mean free paths among the gas molecules. The transport equations for 
this region is not so complex compared to the mixed diffusive and viscous flows and so the 
Knudsen diffusivities can be easily extracted. In the presence of reaction, an additional rate 
equation is added in the mass balance equations. A typical pulse response after height 
normalization shown in Fig. 2-8 is for argon gas traversing through an empty reactor and 
quartz bed. The pulse shape through an empty reactor is narrow and is identical to a Dirac 
delta function. Whereas the pulse shape from a quartz bed is a result of Knudsen diffusion in 
the voids of pellets.  
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Fig. 2-8. Height normalized responses of argon through an empty reactor (solid line) and with inert 
quartz bed (dash-dot lines)  
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Fig.2-9. Standard diffusion curve of ethanol over quartz at 573 K. (nethanol/pulse, Knudsen = 3 x 10-9 mol). 
As the Knudsen conditions avoid gas-gas collisions, the pulse response should be independent 
of the pulsed quantity within this regime. One method of confirmation is dealt with the 
normalized pulse response, where the height normalized responses overlap and also the peak 
maximum in area normalized responses appear at the same time [17]. Another way to confirm 
the regime is shown in Fig.2-9, where a pulse response of ethanol from a quartz bed at 573 K 
is plotted in dimensionless flow to the dimensionless time. This kind of pulse representation 
has a salient feature to verify the Knudsen diffusion conditions. A factor of 0.31 from the 
multiplication of peak maxima (jkA,p) to the corresponding dimensionless time (τp) represents 
Knudsen condition [1]. In the shown experimental results, a factor of 0.313 close to the 
proposed value is obtained.   
2.3.2.1 Single-pulse experiments 
These experiments are performed with low pulse intensities (< 1016 molecules/pulse) so as to 
not perturb the catalyst state [18]. Here the number of active sites is at least two to three 
orders of magnitude higher than the pulsed molecules. As a result of this, the catalyst state is 
not changed by the pulses and the experiment can be termed as “state-defining”. The gas feed 
is sent into the micro-reactor by activating only one pulse valve. All the AMU’s corresponding 
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to the reactants and products are monitored one at a time for each injected pulse. This is 
repeated to collect a minimum of 10 pulses for each AMU in order to utilize the averaged 
responses for a better signal to noise ratio. The pulse responses obtained from such 
experiments over a catalyst bed provide kinetic information at a given state of the catalyst 
with adsorption/desorption and rate coefficients obtained by modelling the reaction. 
2.3.2.2 Multi-pulse experiments 
It is sometimes imperative to activate a catalyst or to monitor the kinetics of a reaction with a 
changed state of the catalyst. To achieve this either a large amount of pulses or a high pulse 
intensity is used where a difference in pulse response is observed with each injected pulse. It 
can lead to a pre-defined surface coverages [19]. Such experiments are typically termed as 
“state-altering.” The development of reactant and products with time due to the changed 
catalyst structure (modified active sites) or oxidation state can help in understanding the 
underlying reaction mechanism. Single-pulse experiments performed in between the multi-
pulse experiments after altering the catalyst state could be utilized in modelling the reaction 
for estimating the kinetic parameters. This can provide a structure-activity relationship that 
takes place in a complex reaction mechanism [18].       
2.3.2.3 Pump-probe experiments 
The qualitative aspect of the reaction mechanism can be completed from the pump-probe 
experiments, also called “alternating pulse” experiments. Two pulse valve injectors are 
activated for feeding the reactant pulses in to the micro-reactor with a specified time delay 
between them. ‘Pump pulse,’ is the first pulse. The adspecies created in this pulse are probed 
with the next pulse called ‘Probe pulse.’ This identifies life time of the surface species 
developed from the pump molecules over the catalyst bed. It also provides insights, whether 
both the adspecies interact (Langmuir-Hinshelwood mechanism) or an adspecies directly 
interacts with the gas phase species (Eley-Rideal mechanism) to form the products.  
2.3.3 Continuous flow experiments 
The TAP reactor also allows to perform flow experiments at atmospheric conditions. The pulse 
to flow experiments can be switched easily with the help of a slide valve (see Fig. 2-1). With 
slide valve closed and the outlet feed open to vent, the flow experiments can be initiated. As 
discussed earlier in Section 2.2.1, the integrated needle valve can transfer a part of the outlet 
mixture to the mass spectrometer for data acquisition. For every second, the data collection 
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is performed in scan mode, which covers the specified range of AMU’s. These experiments are 
used either to pre-treat the catalyst or to identify the potential product AMU’s before starting 
a new reaction. The observed AMU’s could be used as initial reference in pulse experimental 
protocol to acquire the respective pulse responses.     
2.4. TAP-3E reactor – Data analysis 
2.4.1 Tapplot  
This windows based software developed in Visual Basic language is used as a preliminary tool 
to understand the pulse response behavior obtained in TAP format. It comprises a series of 
functions for plotting the data such as 3D plots, zeroth moments with pulse number, averaged 
pulse responses. These data can further be corrected to base line adjustment, increase signal 
quality by smoothing the response, normalizations and many more additional features.  
2.4.2 Calibration factor 
The raw data obtained from mass spectrometer is intensity in volts at y-axis scale with time in 
seconds at x-axis scale. The quantitative information from these responses are obtained by 
converting in to moles using an absolute calibration factors estimated for each gas. 
Calibrations experiments are performed over an inert quartz bed in single-pulse experiments. 
The calibration factor for component j recorded at AMU i are estimated with the total area 
below the fixed number of  pulse responses against to the total pressure drop from a 
calibrated volume using the following equation: 
lmno   = qr s t uv∆xmyyz{o|y }myyz{o|y   (2-1) 
Where, f is the calibration factor of component j at amu i (Vs mol-1), 
E is the zeroth moment of the response (area under the pulse response, Vs),  
x is the number of pulses,  
R is the universal gas constant (J mol-1 K-1),  
e is the temperature of the feedline (K), 
∆a``fZ` is the pressure drop in the feedline (Pa), 
a``fZ` is the volume of the feedline (d=) containing the gas components. 
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The absolute calibration factors for all of the inert, reactant and product gases used in the 
current research work are given in Table 2-1. All these reactant and product calibrations are 
measured by using the inert gas in the feed mixtures. Thus the calibration factors for the 
current day experiment can be recalculated by only measuring the calibration factor of the 
inert gas, since the relative ratios of the calibration factors from inert to the other gases will 
be maintained. In the current TAP reactor, a minimum of 1014 molecules is quantified with a 
reasonable signal to noise ratio along with a maximum of 1017 molecules by quadruple mass 
spectrometer without disturbing the vacuum.  
Table 2-1. Absolute calibration factors of various gases measured for the representative AMU at gain 
9 from the mass spectrometer in TAP-3E.  
S.No. Chemical species AMU Calibration factor (Vs mol-1) 
1 Helium 4 7189438 
2 Argon 40 44155052 
3 Ethanol 31 287778228 
4 Ethene 28 200110412 
5 Diethylether 59 71485784 
6 Water 18 31298523 
7 Oxygen 32 8519195 
8 Propene 42 306148408 
9 1-Butene 56 376467571 
10 1-Pentene 70 296268810 
11 1-Hexene 84 109301237 
12 1,4-Hexadiene 82 141070784 
13 1,4-Cyclohexadiene 80 195601786 
14 Benzene 78 1060760077 
15 Ethylbenzene 91 1920173380 
 
2.4.2.1 Sensitivity analysis 
The signal intensity from mass spectrometer varies with time due to drop in sensitivity by 
exposure of the filaments to various gases in the reaction mixture. A simple experiment 
depicting this is shown in Fig. 2-10 by using mixtures of helium and ethene and in Fig. 2-11 for 
helium and ethanol mixtures over a quartz bed. Here zeroth moment of the pulse response, 
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which represents their amount is plotted with pulse number. The drop in zeroth moments is 
associated with the filaments sensitivity but not to the pulsed quantity as the pulse valve 
injects same amount of feed in each pulse in an entire experiment. The time required for signal 
stabilization depends on the type of exposed chemicals. In case of only hydrocarbon (ethene), 
the stabilization of the signal resulted in the initial 20 pulses, whereas in ethanol (oxygenate) 
it  reached after 300 pulses. Nevertheless, the sensitivity drop from various feeds followed the 
inert gas, helium. All reactant feeds in TAP experiments are always fed with inert gas for 
quantification of the reactants, products by normalizing with the inert gas. This could 
distinguish the signal intensity from filaments sensitivity to the products development.     
0 20 40 60 80 100
0.03
0.04
0.06
 
Pulse number, -
M
4 
a.
m
.
u
.
,
 
Vs
 
0.06
0.11
0.17
M
28
 
a
.
m
.
u
.
,
 
Vs
 
Fig. 2-10. Zeroth moments of helium (open circles) and ethene (closed squares) with the pulse number 
from single pulse experiments of helium, ethene mixtures over quartz bed at 648 K.   
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Fig. 2-11. Zeroth moments of helium (open circles) and ethanol (closed squares) with the pulse number 
from single pulse experiments of helium, ethanol mixtures over quartz bed at 573 K 
2.4.3 Mass spectrometer data processing 
2.4.3.1 Fragmentation 
In the current research work, majority of the responses monitored with a particular AMU 
contains fragment contributions from various other chemical species. However, as shown in 
Table 2-1, each chemical species is identified by a unique AMU. Using this unique peak, the 
relative intensities of other fragments were extracted and the overlapping fragments 
contributions were removed from the pulse responses before assigning the chemical species 
to an AMU. More details on relative intensities of the fragment can be found in experimental 
procedures of Chapters 4 and 5.  
In case of isotope mixture experiments, the choice of unique peaks has been different. For 
instance in Chapter 4 concerning the ethanol dehydration mechanism, 31 AMU is a common 
and base (100 % intensity) fragment to both ethanol and diethylether. However 59 AMU is a 
unique peak to diethylether which can differentiate both of the chemical species. As the aim 
of isotope experiments is to understand the relative contributions of isotopic carbons in the 
scrambling product, 74 AMU for diethylether and 46 AMU for ethanol were chosen as unique 
peaks. These fragments are the molecular ions, which are too low (10 % in the current mass 
spectrometer) in intensity compared to the base fragment. At first perspective, the molecular 
ion fragment can directly provide information on the scrambling product formation. Since the 
molecular ion fragment intensities are lower, a higher multiplier voltage and proper gains are 
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chosen in data acquisition. Deconvolution of various scrambled chemical species were 
obtained by solving a set of linear equations using the non-negative least square regression in 
MATLAB. A detailed explanation of these is provided in Appendix A. Similarly in Chapter 5, for 
the role of intermediates in ethene conversion to hydrocarbons, the deconvolution procedure 
to account the incorporated 12C percentages from the pulse experiments of 13C2H4 over H-
ZSM-5 pre-treated with 12C is presented in detail in Appendix B.    
Once the final response data are obtained, these are normalized to inert gas to account the 
mass spectrometer filament sensitivity, see section 2.4.2.1. The responses could be presented 
in molar flow rates by using calibration factors of the gases. 
2.4.4 Carbon balance 
The carbon balance, Cbal is calculated using the following equation: 
{   =  o ∙ |o + ∑ ∙ |o ∙ |ov  ∗ rr  (2-2) 
Where, f is the number of carbon atoms in the reactant i, f  is the number of moles of 
reactant i at outlet (mol),  is the number of carbon atoms in the product p,  is the number 
of moles of product p (mol) and fe is the number of moles of reactant i at the inlet (mol).  
2.5. Materials 
Quartz and H-ZSM-5 were the only materials used in this research. Quartz powder purchased 
from C-Technology is sieved in between 250 to 500 µm sized particles and soaked in nitric acid 
for a period of two days to remove any of the impurities. The solution is decanted and rinsed 
with distilled water, which thereafter is extracted by vacuum filtration. The material is finally 
calcined at 973 K for two hours before using it as an inert material in TAP reactor. NH4-ZSM-5 
catalyst powder of Si/Al ratio 15 and 140 purchased from Zeolyst international is calcined for 
four hours at 823 K to remove ammonia. The catalyst is loaded into the micro-reactor after 
pelletizing by evacuable pellet press dies to 250 – 500 µm. 
2.6. TAPFIT 
The quantitative description of the TAP experimental data for obtaining transport and kinetics 
in a reaction are extracted by TAPFIT [20]. It is a simulation and regression program, which 
simulates the TAP pulse response with the described reactor model (see Section 3.3) for a set 
of parameters and also optimizes the parameters in regression analysis for a good description 
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of the experimental responses. The reactor model equations are based on the Fick’s second 
law of diffusion, which consists of a set of partial differential equations at three zones of the 
TAP reactor along with the initial, boundary and the transmission conditions for gas and 
surface species. These partial differential equations are solved in time domain using the 
Method of Lines by approximating spatial derivatives in finite differences to transform into a 
set of ordinary differential equations. LSODA routines with the Adams formula for non – stiff 
systems and backward difference formula for stiff system are applied in solving the ordinary 
differential equations. A non – weighted, non – linear least squares regression with the 
optimization routine, Rosenbrock and Levenberg – Marquardt, adjusts the simulated response 
obtained for a set of parameters to minimize the difference between experimental and 
simulated response. More detailed information can be found in Chapter 3. 
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Chapter 3  
 
 
Significance of ‘Intra-crystalline diffusion’ in TAP reactor 
 
3.1. Introduction 
Porous materials are classified into three categories depending on the pore diameters by 
microporous (< 2nm), mesoporous (2 – 50 nm) and macroporous (> 50 nm) as per IUPAC [1]. 
These have gained attention in most of the current day industrial applications towards 
adsorbents, storage materials, shape selective catalysis, and in minimizing coke formation due 
to their high connectivity in the pore structures [2]. Diffusion control can be used in 
applications such as isotope separation, drug delivery, optical sensing, etc. These applications 
are made possible due to their channel topologies, connectivities, cavities and cages in the 
porous network. Understanding diffusional behavior inside porous materials could help in 
obtaining the kinetics of gas – solid interactions [3]. The knowledge of diffusivities is crucial in 
utilizing the efficient ways of raw material conversion over a porous catalyst with enhanced 
product selectivities [4]. 
During the past six decades, zeolite materials has revolutionized gas separation and 
petrochemical industries. Zeolites act as molecular sieves because their pore diameters are 
suitable to adsorb molecules with certain kinetic diameters selectively and exclude larger 
molecules depending on their shape and size. The three types of molecular shape selectivity 
are (1) reactant selectivity, (2) product selectivity and (3) restricted transition state selectivity 
[5]. Reactant selectivity is caused by the preference towards certain feed molecules to diffuse 
into the intracrystalline volume for conversion to products [6]. Product selectivity allows only 
molecules that are small enough to diffuse out of the zeolite pores [7]. Restricted transition 
state selectivity controls the probability of the occurrence of transition states with certain 
dimensions and/or shapes due to confinement effects of the framework [8]. 
H-ZSM-5 is a zeolite with an intermediate pore size (< 2nm) between the large pore faujasite 
and small pore A zeolites. The structure of H-ZSM-5 is given in Fig. 3-1. It belongs to a family 
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of ‘pentasils’ in which the five-membered oxygen rings of the linked tetrahedra constitute 
their framework. These are joined through edges to form chains, which in turn are connected 
to form sheets. The sheets are further linked to form a 3-D framework structure. A ten-
membered oxygen rings form straight channels parallel to [010] and sinusoidal (zig-zag) 
channels parallel to [100]. These channel systems intersect to give an average pore diameter 
of approximately 0.5 nm [9]. 
 
Fig. 3-1. Structures of H-ZSM-5, an MFI framework type with a) linked tetrahedra containing the 
pentasil units and chains, b) framework viewed along [010], c) framework viewed along [100] and d) 
channel structure [9, 10]. 
As the current chapter is dealt with the diffusivities, a brief discussion on their nomenclature 
and definitions will be outlined. In general, diffusion is a process of molecular movements 
from regions of higher concentrations to lower concentrations. The quantification of 
diffusivity originates from Fick, who postulated that the diffusive flux is proportional to the 
concentration gradient with the proportionality constant being the diffusivity which depends 
on pore size and mean molecular velocity. It is defined by the following equation: 
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Where  is diffusive flux, D is diffusion coefficient, c is concentration and z is distance 
coordinate. 
Contrary to Fick’s theory, a Maxwell-Stefan approach has been developed in particular to deal 
with the multi-component mixtures by accounting the non-idealities [11]. The gradient of 
equilibrium isotherm otherwise called “thermodynamic (correction) factor”, 
 F 
 F P  approach 
to a value of 1  in Henry’s law region at low concentrations. Besides, Fick’s diffusivity becomes 
equal to Maxwell-Stefan diffusivity for a thermodynamically ideal system as in gases, dilute 
liquid and solid solutions.  
Under the TAP experimental conditions, the diffusive flow inside the micro-reactor is 
quantified by the Fick’s laws. A simple transport model is utilized by eliminating the convective 
flow. The lack of molecule-molecule interactions in comparison to the molecule-wall collisions 
confines precisely in the Knudsen diffusion regime. This is achieved by pulsing low 
concentrations of gas under a high vacuum where, the mean free path is comparable or higher 
than the pore diameter. Knudsen diffusivity is a square root dependence with direct 
proportionality to temperature and inverse to molecular weight. However it’s independent of 
the pressure (i.e. pulsed intensity in TAP reactor). In the current research work, Knudsen 
diffusivities based on Fick’s laws are used for describing the diffusion in the bed voids of the 
micro-reactor packing.  
Diffusion inside the micropores of a zeolite is known as ‘intra- crystalline’ / ‘micro-pore’ / 
‘configurational’ diffusion [12]. It is described as an activated process, where the molecule 
hops to the sites of similar lower potential energies [13-16]. The molecules are subjected to 
the force field of the pore walls (diameter ≤ 2 nm) due to the similarity of their kinetic 
diameters to the pore radius. This kind of porous diffusion is similar to surface diffusion 
involving an adsorbed molecule due to less space between the molecule and the pore wall 
[17]. Hence, it is reasonable to consider guest molecules as adspecies inside these pores.  
Intracrystalline diffusion in zeolites are measured experimentally by one of the following 
macro, meso and microscopic techniques. With macroscopic technique (i.e. 
 =  −O    (3-1) 
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sorption/desorption, zero-length column), the diffusivity is obtained indirectly from the larger 
diffusion paths of the packed bed compared to the individual crystallite. A mesoscopic 
technique (i.e. IR microscopy, single-crystal-permeation) focusses on an individual crystallite, 
but lower spatial resolution does not allow monitoring of intracrystalline displacements. Only 
microscopic techniques (i.e. Quasi-elastic neutron scattering (QENS), Pulsed field gradient 
NMR (PFG NMR)) provide direct measurement of averaged intracrystalline diffusivities by 
monitoring small diffusion paths with in a crystal [4, 18]. Though many of the experimental 
tools are able to measure the diffusivities, there are still discrepancies in the measured values 
from each of the technique. PFG NMR (pulsed field gradient nuclear magnetic resonance) 
reported intracrystalline diffusivities are five orders of magnitude larger than the values 
obtained from the correlation of uptake measurements to intracrystalline diffusivities [4]. 
Isolation of transport from kinetics along with an accurate estimation of diffusivities at both 
pellet and crystallite scales could provide solutions to the current challenges faced in a porous 
catalysts. 
 
Fig. 3-2. Graphical representation of the fixed bed reactor model with a bimodal structured catalyst. 
A graphical representation of the fixed bed reactor model containing a bimodal structured 
catalyst is shown in Fig. 3-2. The reactor comprise catalyst pellets sandwiched between beds 
of inert pellets. Each catalyst pellet is a compact cluster of crystallites, as a result of 
pelletization. These crystallites contain a network of channels, here shown for H-ZSM-5.  So, a 
gas diffusing through the reactor involves three different scales, inter-pellet, intra-pellet or 
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inter-crystalline and intra-crystalline diffusion. Macro - and/or mesoporous diffusion result at 
inter – and intra – pellet scales, whereas microporous diffusion in intra-crystallite scale. 
Experimental data modelling is an alternative tool to the above mentioned techniques for 
isolating/extracting the relative contributions of the activities in and outside of the pores of a 
catalyst. Transient pulse-response technique such as TAP reactor [19, 20], multitrack system 
(TAP like system) [21] are shown to be valuable tools in obtaining diffusivities in a microporous 
material. Temporal Analysis of Products (TAP-3E) reactor is a  non-equilibrium macroscopic 
experimental technique. The reactor is sensitive enough to distinguish the transport in pellet 
and crystallite scales. These processes are reflected in the shape of the pulse response either 
by a shift in pulse peak time or by a delayed tailing of the response compared to the diffusion 
only through the inter- pellets. 
By using TAP experimental data, a relation between effective Knudsen diffusivities for porous 
and non-porous pellets is established by Huinink et al. [22], when the characteristic time of 
diffusion at pellet scale is far less than the bed scale. A similar relation was also used by 
Schuurman et al [23] to account the larger available gas volume in the porous pellets. Here, 
the effective diffusivities calculated for porous materials accommodated both the inter and 
intra pellet diffusivities. Wang et al. [24] used TAP reactor with varying bed lengths of the 
porous catalysts 1%Rh/SiO2 for a fixed pulse intensities of 1013-1015 argon molecules to show 
the regions of diffusion limitations. It was shown that for catalyst bed lengths of 0.6 cm (250 
– 420 μm pellet diameter), the  experimental  response was defined with both the ‘not 
diffusion controlled’ and ‘diffusion controlled continuity equations accounting for diffusion in 
a porous particle.’ Whereas with 1.1 cm (37 – 74 μm pellet diameter) catalyst bed, the 
response could only be well described with the diffusion controlled continuity equations. The 
significance of the porous diffusion could depend on length of the catalyst bed, pore diameter 
of the catalyst, kinetic diameter of the molecule, temperature of the reaction, etc. In the 
current research work, H-ZSM-5 porous material is used as a catalyst and the typical bed 
lengths is less than 0.5 cm (250 – 500 μm pellet diameter) for the reactions complemented 
with the micro kinetic modelling.  
Nayak et al. used the method of sorption process in extracting the intra-crystallite diffusivities 
from TAP experiments [25]. However due to lack of proper experimental design, the 
diffusivities could not be reliably estimated.  Another approach is based on moments of the 
Chapter 3 
 
50 
 
TAP pulse response, where an analysis of the third moment of the pulse response provided 
intrapellet diffusivity [26]. Keipert et al. developed a model for TAP pulse responses involving 
intracrystalline diffusion coefficients and validated by fitting the experimental data in 
parameter estimation of the regression analysis [19]. In the current work, the intra-crystalline 
diffusivity value is extracted by flux analysis based on a ‘hopping mechanism’. The 
temperature dependence of the porous diffusion along with the window of its significance will 
be investigated using a TAP experimental response. 
3.2. Tap reactor model  
3.2.1 Thin-zone TAP reactor configuration 
The applied TAP reactor model accounts for a thin-zone configuration in which the catalyst 
bed is sandwiched between two inert zones as shown in Fig. 3-3. This arrangement ensures 
temperature uniformity in the catalyst bed because the feed is heated by the first inert zone 
before it reaches the catalyst bed and the inert bed towards the mass spectrometer maintains 
products at the reaction temperature. Moreover a thin-zone TAP reactor configuration is 
utilized for maintaining the spatial uniformity of gas and surface species within the catalyst 
zone. Quartz is used as an inert packing material due to its good insulating properties, which 
can minimize heat losses across the reactor, and its chemical inertness. 
 
 
Fig. 3-3. Schematic of thin-zone TAP reactor configuration in quartz micro – reactor of TAP – 3E. 
3.3. Kinetic parameter estimation 
The transient data from TAP reactor is simulated and regressed by using an in house 
developed Fortran code, TAPFIT [27-29]. The reactor model equations are based on the Fick’s 
second law of diffusion for the thin zone TAP reactor configuration (see Fig. 3-3). It consists of 
a set of partial differential equations at three zones of the TAP reactor along with the initial, 
boundary and the transmission conditions for gas and surface species:  
Significance of ‘Intra-crystalline diffusion’ in TAP reactor 
 
51 
 
Gas phase species: 
For 0 < z < Linert I and  
Linert I+ Lcat  < z < Linert I+ Lcat + Linert II 
εJ ;,C = OKLL,CJ
[;,C
[  
(3-2) 
 
For Linert I  < z < Linert I+ Lcat 
ε>?@ ;,C = OKLL,C>?@
[;,C
[ + ρUK¡¢;,C 
(3-3) 
 
Surface species: 
For Linert I  < z < Linert I+ Lcat 
£,¤∗ = ¢£,¤∗ 
 
(3-4) 
Equations (3-2)-(3-3) provide information about Knudsen diffusion of gas in pores of inter – 
pellets of the inert quartz material. The molecular migration inside the crystallite are 
accounted for by the specific net rate of the gas phase species in (3-3) and (3-4).   
The initial conditions are: 
At t = 0 and 0 < z < Linert I+ Lcat + Linert II 
;,C = 0 (3-5) 
 
At t = 0 and Linert I  < z < Linert I+ Lcat 
£,¤∗ = £,¤∗E  (3-6) 
The boundary conditions at t ≥ 0 and z = 0: 
−¦OKLL,CJ ;,C  =
§Q,CτQ[ e
¨< g©ª« (3-7) 
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At  t ≥ 0  and z = Linert I+ Lcat + Linert II 
;,C = 0 
 
(3-8) 
The transmission boundary conditions with respect to concentration and flux across different 
zones of the reactor are: 
;,C|­®¯°±²³´ µ¶ = ;,C|­®¯°±²³´ µ· (3-9) 
 
OKLL,CJ ;,C |­®¯°±²³´ µ¶ = OKLL,C>?@
;,C
 |­®¯°±²³´ µ·  (3-10) 
 
;,C|­®(¯°±²³´ µH¯¸¹´)¶ = ;,C|­®(¯°±²³´ µH¯¸¹´)·  (3-11) 
 
OKLL,C>?@ ;,C |­®(¯°±²³´ µH¯¸¹´)¶ = OKLL,CJ
;,C
 |­®(¯°±²³´ µH¯¸¹´)· (3-12) 
 
These partial differential equations are numerically solved in time domain using the Method 
of Lines. The Method of Lines approximates spatial derivatives by finite differences to obtain 
the original partial differential equation into a set of ordinary differential equations. The latter 
are solved in time using LSODA routines with the Adams formula for non – stiff systems and 
backward difference formula for stiff system [30]. A non – weighted, non – linear least squares 
regression is applied to minimize the sum of squares difference between the outlet response 
from the following objective function: 
Φ =  º º º º(»f, − »¼f,)[
½´
®A
½¾
¿®A
½³
®A
½²
f®A
 
(3-13) 
The parameter estimates are optimized by Rosenbrock and Levenberg – Marquardt methods, 
to minimize the difference between experimental and simulated response. The Knudsen 
experimental conditions used in TAP reactor allow to distinguish transport phenomena from 
kinetics. The pulse response from a non-porous inert quartz bed is simulated and regressed 
with the equations 3-2, 3-5, 3-7, 3-8 and 3-13 for the parameters Knudsen diffusivity, and 
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pulse peak time. The Knudsen conditions can also be verified from the experimental data by 
the multiplication of peak maxima of dimensionless flow rate with the corresponding 
dimensionless time, which should amount to 0.31 [31].  
3.4. Intra-crystalline diffusivity 
Single pulse experiments of argon are performed at three different temperatures in one zone 
quartz bed packing and a thin-zone TAP reactor configuration containing H-ZSM-5 catalyst in 
TAP-3E.  Fig. 3-4, compares the area normalized responses of argon for experiments with 
quartz and with H-ZSM-5 to assess the differences caused by the diffusion through the 
micropores of the catalyst. The responses at 373 K temperature (see Fig. 3-4a) does not 
coincide. In particular, the argon response over a H-ZSM-5 catalyst has a delayed tail and shift 
in pulse peak time to right. However the responses over quartz and porous catalyst coincide 
at high temperatures, 473 and 573 K (see Fig. 3-4 b and c). This indicates that at low 
temperature, there is a comparable time scales of diffusion in crystallite and pellet scales and 
at higher temperatures the intra-crystalline diffusion is non-significant. 
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Fig. 3-4. Area normalized flow rates of argon gas compared over a non-porous bed (Quartz, black 
colored response) to a porous catalyst bed (H-ZSM-5, red colored response) for three different 
temperatures a) 373 K, b) 473 K and c)573 K.  (Wcatalyst = 8 mg) 
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3.5. Flux equations for intra-crystalline diffusion in a spherical particle 
The intra-crystallite diffusivity in a porous catalyst is estimated by accounting for the flux 
equations in radial direction to the already implemented flux equations in axial direction of 
the reactor domain. The following assumptions are considered for this approach: 
- The crystallites are in a spherical shape. 
- A uniform gas phase concentration across the surface of the crystallite with no external 
transport limitations between the inter-pellet and intra-pellet pores.   
- A pseudo-homogeneous porous structure inside the particle, for a uniform flux 
distribution along the radial gradient profile. 
- The molecular migration inside the crystallite leads to an activated adsorbate. 
- No-flux symmetry condition at the center of the crystallite. 
Following these assumptions, a spherical crystallite of radius rc is discretized radially into ‘N’ 
shells with a grid length, ∆R equal to 
c¸
½. The radius of the nth shell, rn is  c¸½.  
 
Fig. 3-5. Representation of discretized spherical crystallite. (∆R – Grid length; rc – radius of the crystal;  
N – number of shells;  ÀZ − ÀÁÂÃÄ Å ℎ shell;  YZ - molar concentration of activated adsorbate in 
(n+1)th shell (mole/Kg)). 
 
rc
∆R
qo q1 q2 qn-1qn-2
ro r1 r2 r3 rnrn-1
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For N shells 
∆R = 
c¸
½ 
ÀZ =  c¸½   (where 0 Ç n Ç  §) 
YZ = Z È= É(ÀZHA= − ÀZ=)  
  (where 0 Ç n Ç  § − 1) 
The flux equations for intra-crystalline diffusion were incorporated into the already 
established reactor-scale continuity equations of the current TAPFIT code by modeling intra-
crystalline diffusion based on hopping mechanism [14]. According to this approach, the 
molecular migration inside a microporous catalyst is an activated process with random 
discrete jumps leading to a activated adsorbate. The bulk gas phase concentration, Cb is 
assumed to be in uniformity with outer shell of the crystallite. The molar concentration of the 
activated adsorbate between nth and (n-1)th shell is denoted as YZ<A. These activated 
adsorbates migrate to other shells reversibly as shown in the Scheme 3-1. 
 
Scheme 3-1. Molecular migration in hopping mechanism.    
Where, Cb – bulk gas species concentration (mol/m3);  C∗ - free sites concentration (mol/kg of 
catalyst); YZ – activated adsorbates molar concentration in (n+1)th shell (mole/kg of catalyst). 
 
Following the Fick’s laws of diffusion, the net flux through each discretized point is accounted 
by the difference between the fluxes through adjacent points. Volumetric flux in shell YZ<A 
include the difference of flux from the bulk (left wards) with the flux transferred to shell YZ<[.  
ÊË±¶
Êg =  OP[(ÌÍ<Ì±¶)∆Î [Ï ]4É ÀZ[ − OP[
(Ì±¶<Ì±¶Ð)
∆Î ]4É ÀZ<A[  
          =  Ñ¸ÈÒ∆Î  [2ÓÀZ[ − 2Z<A ÀZ[ − Z<AÀZ<A[ + Z<[ÀZ<A[ ] 
          =  Ñ¸ÈÒ∆Î  [2ÓÀZ[ − 2 Ë±¶ÔÕÒ (c±Õ<c±¶Õ ) ÀZ
[ − Ë±¶Ô
ÕÒ (c±Õ<c±¶Õ )
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Following a similar approach for all shells, the rate constants of forward and backward 
migration in Scheme 3-1 can be expressed as functions of diffusivities and intra-crystalline 
spatial coordinates from the above derivations: 
k1= 
A
εª∗Ø¾ ∗ ÙÈÑ¸∆Î É(2ÀZ[)Ú (3-14) 
k2=
A
Û¸¹´ ∗
(A<εª)
εª ∗ [=Ñ¸∆Î [c±
Ð
(c±Õ<c±¶Õ )] (3-15) 
k2f+1=
A
Û¸¹´ ∗
(A<εª)
εª ∗ [=Ñ¸∆Î
c±¶ÜÐ
(c±¶Ü·Õ <c±¶ÜÕ )]      0 Ç f Ç § − 1 (3-16) 
k2b=
A
Û¸¹´ ∗
(A<εª)
εª ∗ [=Ñ¸∆Î c±¶Í
Ð
(c±¶ÍÕ <c±¶Í¶Õ )]        1 Ç b Ç § (3-17) 
 
Where, OP  - intra-crystallite diffusivity; Mcat- Molar mass of catalyst;  εQ  - Crystallite micro-
porosity;   – Volume of crystals. 
To account porosities and volume of the crystallites, the rate constants of forward and 
backward migration are multiplied by the factors, 
A
εª∗Ø¾  to k1 and 
A
Û¸¹´ ∗
(A<εª)
εª  to krest of all. The 
bulk gas phase concentration, Cb (mol m;<=) is divided by the gas rate factor ( Ý
εÞ∗ß∗) in TAPFIT to 
convert between adsorbate species and gas phase species.  
                    Ó       ⇄          YZ<A         ⇄            YZ<[ 
 3OP∆¢
2ÀZ[(ÀZ= − ÀZ<A= ) 
3OP∆¢
ÀZ<A[(ÀZ= − ÀZ<A= ) 
3O
∆¢
À−22
(À−13 − À−23 ) 
4O
∆¢ É(2À2) 
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The net migration of gas species in to the crystallite contain the forward and backward rate 
constants from equations (3-14-(3-17). These equations are given in the rates_of_production 
source file and contain an adjustable parameter ‘intra-crystalline diffusivity, OP.’ 
R_g(1) = k2qN-1-k1CbC* 
R_f(1) = k2qN-1-k1CbC* 
R_ad(1,1) = k2N-1qn-k2Nqn-1 
R_ad(1,n) = k[2(N-n)+1]qn + k[2(N-n+2)]qn-2 - (k[2(N-n+1)]+k[2(N-n)+3])qn-1              (2Ç  Ç § − 1) 
R_ad(1,N) = k1CbC* + k4qN-2 - (k2+k3)qN-1 
Where R_g – Net rate of gas species formation;  R_f - Net rate of free sites formation;  R_ad - 
Net rate of activated adsorbates formation. 
3.6. Application 
3.6.1 Regression of the experimental data 
With the newly added rate equations accounting for intra-crystalline diffusion, the regression 
analysis in TAPFIT was in complete conformity to the experimental response as represented 
in Fig. 3-6. Estimated parameters along with their correlation coefficients are presented in 
Table 3-1 and Table 3-2.  
Table 3-1. Physical parameter estimates along with their 95 % confidence interval obtained from the 
regression of single-pulse experimental data of argon over H-ZSM-5 at 373 K using TAPFIT. 
S.No. Parameter Value 
1 Knudsen diffusivity (m2/s) (5.79 ± 0.022) x 10-3  
2 Pulse peak time (s) (2.16 ± 0.400) x 10-4 
3 Intra-crystalline diffusivity (m2/s) (7.79 ± 1.276) x 10-12 
 
Table 3-2. Binary correlation coefficients between the physical parameters. 
 Knudsen diffusivity  Pulse peak time Intra-crystalline diffusivity 
Knudsen diffusivity  1.0000 0.8759 0.9519 
Pulse peak time 0.8759 1.0000 0.7685 
Intra-crystalline diffusivity 0.9519 0.7685 1.0000 
 
The simulated response with an intra-crystallite diffusivity, OP  of 7.79 x 10-12 m2/s along with 
a Knudsen diffusivity, OàZ of 5.79 x 10-3 m2/s matched well with the experimental response. 
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However upon simulating the response with only Knudsen diffusivity, there is a lack of fit and 
moreover the tail of the simulated response is not delayed as opposed to the experimental 
response. The value of the obtained intra-crystalline diffusion for argon gas is in the orders of 
micro-porous diffusivities [24]. This confirms that the experimental response over a porous 
catalyst obtained in a TAP reactor well described the intra-crystalline diffusion with the 
proposed ‘flux analysis based on hopping mechanism.’   
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Fig. 3-6. Experimental and simulated responses of argon from single-pulse experiments over H-ZSM-5 
catalyst at 373 K. (W = 8 mg). (black line – experimental response; red dashes – simulated response 
with OàZ of 5.79 x 10-3 m2/s, Dc = 7.8 x 10-12 m2/s; blue line - simulated response with OàZ of 5.79 x 10- 3 
m2/s, calculated with the physical parameters from Table 3-1 and by using the equations 3-2 to 3-13). 
 
3.7. Conclusions 
The prominence of intra-crystalline diffusion in the porous material, H-ZSM-5 catalyst is shown 
via a transient experimental technique, TAP reactor. Argon diffusion through the porous 
catalyst is only experienced at 373 K temperature for the current bed length packing of 0.5 
cm. This experimental response is best described by a simulated response after accounting 
the flux in radial direction through the porous catalyst. However at temperatures higher than 
373 K, there is no diffusion limitation with the used porous material. This confirms that for the 
quantitative studies performed via modelling of ethanol dehydration reaction in Chapter 4 can 
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be described by the continuity equations in axial directions of the reactor without considering 
continuity equations at the crystallite scale. Nevertheless, the TAP reactor can be used to 
extract the intra-crystallite diffusivities at temperatures higher than 373 K by loading higher 
catalyst amounts.   
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Chapter 4  
 
 
Ethanol dehydration path ways in H-ZSM-5 
 
Ethanol dehydration to ethene via direct and ether mediated paths is mechanistically 
investigated by a transient experimental technique via TAP-3E reactor over a temperature 
range of 473 – 573 K in Knudsen regime conditions. Diethyl ether is not observed as a gas 
phase product from pulse experiments of ethanol over H-ZSM-5. Cofeed experiments with 
diethyl ether and C-13 labeled ethanol show that ethene formation from diethyl ether is the 
preferential route. Kinetic parameters from ab initio based microkinetic modelling in ethanol 
dehydration are compared to the experimental data of TAP reactor by in-house developed 
reactor model code TAPFIT. Rate coefficients in ethene adsorption are in agreement with the 
ab initio based microkinetic modelling parameters. The experimental data from diethylether 
feed is compared to the simulated responses with the ab initio based kinetic parameters and 
are further optimized by regression analysis. Reaction path analysis with the optimized kinetic 
parameters identifies the preference of a ether mediated path in the transient experimental 
conditions.  
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4.1. Introduction 
Ethene production from bio-ethanol sources is an attractive alternative to the current steam 
cracking process [1]. Ethene is one of the essential and most used precursors in synthesizing 
various polymers and chemicals. Moreover, it is estimated to grow up to 200 million tons of 
global capacity by 2020 [2]. The recent advancements of ethanol extraction from sustainable 
feed stock sources [3] are giving importance to utilizing bio-ethanol from the perspective of 
environmental benefit. Our previous research [4, 5] has shown that water has no significant 
role in both ethanol dehydration and its further conversion to hydrocarbons. Hence, bio-
ethanol can directly be used as an alternative feed stock without involving high cost and 
energy intensive distillation processes for the removal of water [6]. Catalysts such as alumina 
[7], heteropolyacids [8], silicalite-1 (modified by HCl impregnation) [9] and zeolites [10-12] are 
of prime interest in the dehydration of ethanol. However most of the catalysts suffer from the 
high reaction temperatures of up to 770 K or show low ethanol conversion or limited life span. 
Upon modification with various transition [13-15] and rare earth metals [16] or tuning the 
crystallite size and acidity [17, 18], zeolites prove to be the most stable and highly selective 
catalysts to ethene at moderate temperatures of less than 550 K. This led to choose H-ZSM-5 
catalyst for the current research work.  
A fundamental understanding of the dehydration mechanism over a catalyst along with the 
reaction conditions could explain the pathways in improving selectivity towards the required 
products. The dehydration of ethanol is said to proceed by two paths [5, 19] as shown in Fig. 
4-1. Van der Borght et al. [19] performed experimental studies of ethanol conversion over H-
ZSM-5 at varying temperatures and found that at 500 K and around 70 % conversion, a mixed 
outlet flow of ethene and diethyl ether was obtained. At temperatures higher than 523 K, 
ethene is the only product at ethanol conversions of 90 %.  Ethanol dehydration paths have 
also been studied by DFT with a detailed set of elementary steps in the reaction path analysis 
[5, 20, 21]. An industrial multi-bed adiabatic reactor model for ethanol dehydration on H-ZSM-
5 was simulated [22] with the fully ab initio based microkinetic modelling rate coefficients 
consisting of 15 elementary steps [21] along with the process conditions and catalyst 
properties from a patent US 2013/0090510 [23].  
Alexopoulos et al. [5] used ab initio based microkinetic modelling to understand the preferred 
paths with varying conversions, temperatures, partial pressures of ethanol and also the effect 
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of water in the feed. For all these reaction conditions, they proposed five different 
mechanisms for the direct ethanol dehydration (path A) and two mechanisms for the ether-
mediated dehydration (path B+C). These detailed computational insights were compared to 
continuous flow experimental data and provided a fundamental understanding of the reaction 
mechanism. At temperatures lower than 500 K, ethene formation from diethyl ether 
intermediate is preferred in comparison to direct dehydration of ethanol. Similar dehydration 
studies were also performed on 1-butanol [24] and butanol isomer [25] feeds over H-ZSM-5. 
At 10 % conversion and 450 K, John et.al [24] reported that 1-butanol partial pressures in 
ranges of 0.1 – 10 kPa favored butene formation via an ether-mediated path.  
 
Fig. 4-1. Ethanol dehydration to ethene by direct and ether mediated pathways. 
Thermodynamically, ethanol dehydration to ethene (see path A of Fig. 4-1) is endothermic 
with a reaction enthalpy, H298K = 45 kJ/mol [26]. However, at lower temperatures (< 523 K) 
ethanol can also competitively convert to diethyl ether (see path B of Fig. 4-1) with an 
exothermic reaction enthalpy, H298K = -25 kJ/mol [26]. Diethyl ether can thereafter convert 
to ethene as shown in path C of Fig. 4-1. From previous research [27-29], the Temporal 
Analysis of Products (TAP) reactor technology has already proven to be an advanced tool in 
elucidating mechanisms of various reactions, in particular with focus on ethanol conversion to 
hydrocarbons [4, 30]. Experiments performed in a TAP reactor pertain to pressures 
intermediate between the ultrahigh vacuum surface science techniques and continuous flow 
atmospheric conditions. Comparison of data from TAP can provide strong evidence for the 
proposed pathways in the ethanol dehydration mechanism. 
In the present chapter, the dominant path and mechanism prevailing in ethanol dehydration 
under TAP experimental conditions will be studied as follows: 1) Identification of the reaction 
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products from single – pulse experiments of ethanol in Knudsen (1014-1015 molecules per 
pulse) regime, while the role of diethyl ether as intermediate will be established based on the 
scrambling products obtained from cofeed mixtures of 13C labelled ethanol and 12C diethyl 
ether; 2) Microkinetic modelling with the detailed reaction network supplied from ab initio 
based calculations provide insights in the reaction mechanism with comparison to the 
experimental data of ethene, diethylether and ethanol ; 3) Reaction path analysis using kinetic 
parameters from TAPFIT (simulation and regression program for TAP data) and ab initio based 
microkinetic modelling will connect the experimental data at low pressure to the theoretical 
calculations and explain the preferred paths over a wide range of reaction conditions. 
4.2. Methods and materials 
4.2.1 Materials 
H-ZSM-5 of Si/Al ratio 140 (0.1 molH+ kg>?@<A ) is used as a catalyst after removing the ammonium 
cations from the as purchased NH4-ZSM-5 (Zeolyst®) by calcining at 823 K for 4 hours. Ethanol 
(absolute, Chem-Lab), diethyl ether (anhydrous, Sigma-Aldrich®, ≥99 %) and 13C labelled 
ethanol (Sigma-Aldrich®) with 99 atom % 13C were used as feeds in the following research. 
Helium is used as internal standard for quantification of the effluent. Quartz is used as an inert 
material. All packed material is used in 250 – 500 µm sieved fraction.  
4.2.2 TAP-3E reactor 
The quartz micro reactor (l = 47.5 mm, φ = 4 mm internal diameter) in TAP-3E consists of a 
catalyst sandwiched in between layers of inert material. The catalyst bed houses a 
thermocouple for measuring the temperature inside the bed. Gases are fed into the reactor 
through a pulse valve injector in single – pulse experiments with a pulse valve opening of 5 µs 
for Knudsen regime. Gas mixtures were prepared in the blending tanks with a fraction of 
helium. Before sending gases into the reactor, liquids are pre-heated in the gas blending tanks 
maintained at 383 K. Detailed information on the TAP reactor can be found elsewhere [30, 
31].  
A quadruple mass spectrometer with milli second resolution placed at the exit of the micro 
reactor in high vacuum (5 x 10-5 Pa) is used for data acquisition. The interfering mass spectrum 
fragments among the reactant and products were subtracted for a quantitative analysis of the 
effluent mixture. The fragmentation patterns for each of the chemical species under the 
experimental conditions over the quartz bed are provided in Table 4-1 and Table 4-2. 
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Table 4-1. Relative peak intensities of various chemical species using Knudsen regime pulse intensities 
with the representative m/z highlighted in bold.  
Gas | m/z 31 27 18 
Ethanol 100 30 5 
Ethene  100  
Water   100 
 
Table 4-2. Relative peak intensities of the fragments used for 13C labelled ethanol and 12C labelled 
diethyl ether scrambling experiments in Knudsen regime. 
Gas | m/z 28 29 30 70 71 72 73 74 75 76 77 78 
Diethyl ether 25 68 7 0 0 0 1 10 1 0 0 0 
 
Gas | m/z 26 27 28 29 30 44 45 46 47 48  
Ethanol 16 31 60 38 8 1 33 10 0 0  
 
Gas | m/z 26 27 28 29 30  
Ethene 41 41 100 2 0  
 
4.2.3 Regression analysis 
The data from the transient experiments of TAP reactor were validated to the simulated 
responses generated by the optimized parameters during the regression analysis with in 
house developed Fortran code, TAPFIT [28, 32, 33]. The reactor model as shown in Chapter 3 
consists of a set of partial differential equations for the three zones of TAP reactor along with 
the initial, boundary and the transmission conditions. The specific net production rates of gas 
phase (Rg, A) and surface species (Rs, A*) involved in the elementary reaction network at the 
catalyst zone were linked to the reactor model. These partial differential equations are solved 
in time domain using Method of Lines. Here, the spatial derivatives are only approximated, 
while the time derivatives are retained. The finite difference method replace continuous 
variable by discrete variable to obtain into a set of ordinary differential equations along the 
lines. These are solved by using LSODA with the Adams formula for non – stiff systems and a 
backward difference formula for a stiff system [34]. A non – weighted, non – linear least 
squares regression is applied to minimize the sum of squared differences in the outlet 
response from the following objective function: 
Φ =  º º º º(»f, − »¼f,)[
½´
®A
½¾
¿®A
½³
®A
½²
f®A
 
 
(4-1) 
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Where, »f, and »¼f, are experimental and simulated responses in volts  
Ne is number of experimental conditions, 
Nr is number of responses, 
Np is number of pulses per response, 
Nt is number of data samples per pulse response. 
The parameter estimates are optimized by Rosenbrock and Levenberg – Marquardt methods 
in simulating the response, where the difference between experimental and simulated 
responses are minimized. The Knudsen experimental conditions used in the TAP reactor allow 
to distinguish transport phenomena from kinetics. An ethanol pulse traversing through the 
quartz bed undergoes only diffusion as shown in the Appendix C, Fig. C1a. The response is 
simulated and regressed with the equations 3-2, 3-5, 3-7, 3-8 and 3-13 for the parameters 
shown in Table C1 of Appendix C. A good agreement is obtained between the simulated and 
the experimental response, which defines the diffusivity of ethanol, DKLL,á@âGJ  at 573 K. The 
Knudsen conditions can also be verified from the experimental data by the multiplication of 
peak maxima of dimensionless flow rate with the corresponding dimensionless time, which 
should amount to 0.31 [31]. In the current experiments, a value of 0.313 is obtained (see 
Fig. C1b of Appendix C), which is in good agreement with the proposed value. Besides the 
diffusion, additional reaction over the catalyst bed is accounted for by including the equations 
3-3, 3-4, 3-6, 3-9 to 3-12 with the net production rates of gas phase and surface species from 
the user supplied detailed reaction network in the microkinetic modelling with TAPFIT. These 
kinetic parameters will further be used in isothermal plug-flow reactor model simulations for 
reaction path analysis [5]. The details of these equations are provided in the Appendix C (see 
equations C1-3). 
4.3. Results and discussion 
4.3.1 Single-pulse experiments of ethanol 
Single-pulse experiments of ethanol were performed over H-ZSM-5 in the Knudsen regime. 
The conversion of ethanol and effluent molar fractions of ethanol, ethene, diethyl ether for 
three different temperatures of 473, 523, 573 K are illustrated in Fig. 4-2a and b. There is an 
increase in conversion with temperature from 0.6 to 0.7. Ethene is the only carbon based 
product at all conversions and its molar fraction increases with temperature . The absence of 
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diethyl ether at these high conversions can be attributed to the accumulation or rapid 
decomposition of diethyl ether to ethene or alternatively by a direct dehydration of ethanol.  
This latter possibility can be caused by the lack of high enough amounts of ethanol molecules 
(i.e., 2 x 10-9 molethanol per pulse per 10-8 mol active sites) for diethyl ether formation in Knudsen 
conditions. However increasing the pulse intensity led to deviation from Knudsen regime or 
increasing the catalyst weight lead to complete accumulation. So, an optimum catalyst weight 
with the pulse intensity is chosen to extract the pulse responses data in Knudsen conditions.  
 
Fig. 4-2. (a) Conversion of ethanol and (b) molar fractions of carbon based effluent with temperature 
from single pulse experiments of ethanol over H-ZSM-5 in Knudsen regime ( - ethanol,  - ethene and 
 - diethyl ether). (W = 0.3 mg, nethanol/pulse, Knudsen = 2 x 10-9 mol). Error bars representing 95 % confidence 
interval. (Lines to guide the eye). 
For a further understanding of the reaction mechanism, the pulse responses of TAP were used 
to gain information about the reactant interaction with the catalyst. As seen in Fig. 4-3, the 
ethanol response over the catalyst bed does not cross the standard diffusion curve, which 
corresponds to the phenomenon of ethanol diffusion along with an irreversible adsorption 
and/or reaction [31]. Moreover, a maximum of 50 % in carbon balance is achieved as shown 
in Fig. 4-4. The lack of diethylether gas phase product, which contains the highest number of 
carbon number is a possible accumulated species on the catalyst surface and might be a 
reason for the observed lower carbon balance.  
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Fig. 4-3. Dimensionless flows of ethanol with dimensionless time for the exit flow response curve at 573 
K; standard diffusion over quartz bed (dotted lines), diffusion with irreversible adsorption/reaction over 
H-ZSM-5 (full lines). (W = 0.3 mg, nethanol/pulse, Knudsen = 2 x 10-9 mol). 
Hence, all these findings do not exclude the hypothesis of both reaction pathways (i.e. direct 
and ether-mediated), which can occur via different surface species. From DFT studies [5], it is 
shown that adsorbed ethanol could transform to ethene via an ethoxy surface intermediate 
in a mono-molecular path. The ethoxy intermediate can also further undergo a nucleophilic 
substitution reaction with another ethanol to form ether in the bi-molecular path. 
Alternatively, upon adsorption of two ethanol molecules on a Brønsted acid site, a protonated 
ethanol dimer can form and rearrange to yield ether in a next step. Finally, in order to form 
ethene, the further decomposition of ether needs to be considered in the ether-mediated 
pathway [5]. 
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Fig. 4-4. Carbon balance as a function of temperature from single-pulse experiments of ethanol over H-
ZSM-5 in Knudsen regime. (W = 0.3 mg, nethanol/pulse, Knudsen = 2 x 10-9 mol). Error bars representing 95 % 
confidence interval. (Lines to guide the eye). 
The height normalized responses of ethanol, water, ethene and diethyl ether at three different 
temperatures are displayed in Fig. 4-5 a, b, c and d. The ethanol pulse response in Fig. 4-5a 
shows that the higher the temperature, the narrower the tail of the pulse response while the 
pulse peak time shifts to the left. This indicates a stronger interaction with the catalyst 
compared to the broader tailed, right side shifted pulse peak time at lower temperature. 
However, such trends are not observed in case of the products ethene and water, viz. Fig. 4-5 
b, c. Here, the high temperature product response tailing coincides with the low temperature 
response data. Both ethene and water responses are quite broadened, which could indicate a 
dissociative adsorption of ethanol into water and ethoxy group. The ethoxy could desorb as 
ethene or further interact with gas phase ethanol to diethylether followed by ethene 
formation [35]. The simultaneous operation of different reaction paths influences the 
response behavior. Diethyl ether is not observed at any of the investigated temperatures, viz. 
Fig. 4-5 d. Diethyl ether could be transformed to ethene via ether decomposition. To 
understand the role of diethyl ether and to obtain more insight in the reaction mechanism, an 
isotope experiment is used in the next section to explain the relative contributions of the paths 
towards ethene formation in the dehydration mechanism. 
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Fig. 4-5. Height normalized responses of a) ethanol (inset plot contains the enlarged image at the initial 
pulse time), b) water, c) ethene and d) diethyl ether from single – pulse experiments of ethanol at three 
different temperatures, black – 473 K, red – 523 K, blue – 573 K. (W = 0.3 mg, nethanol/pulse, Knudsen = 2 x 10-
9 mol). 
4.3.2 Cofeed mixtures of 13 - carbon ethanol and 12 – carbon diethyl ether 
A cofeed mixture containing 13C labelled ethanol along with 12C diethyl ether is prepared so as 
to maintain the same total carbon number in each injected pulse in comparison to the 
previous single-pulse experiments of ethanol. These conditions can precisely identify the role 
of diethyl ether and ethanol in the dehydration mechanism. All possible reaction products 
from the above mixture are illustrated in Table 4-3. An overview of the 13C ,12C carbon 
percentages in the products, namely ethanol, diethyl ether and ethene is shown in Fig. 4-6a, 
b and c, respectively. 
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Table 4-3. Possible reactions involved in the single-pulse experiments of 13C2H5OH and 12C2H5O12C2H5 
mixtures over H-ZSM-5. 
Reaction  
 A=C[HãOH ⇄   A=C[HÈ + H[O 1 
2 A=C[HãOH ⇄   A=C[Hã O A=C[Hã + H[O 2 
 A=C[Hã O A=C[Hã  ⇄   A=C[HÈ +  A=C[HãOH 3 
 A[C[Hã O A[C[Hã  ⇄   A[C[HÈ +  A[C[HãOH 4 
 A[C[HãOH +  A=C[HãOH ⇄   A=C[Hã O A[C[Hã + H[O 5 
 A=C[Hã O A[C[Hã  ⇄   A=C[HÈ +  A[C[HãOH 6 
 A=C[Hã O A[C[Hã  ⇄   A[C[HÈ +  A=C[HãOH 7 
 
The percentages of isotopic carbon in ethanol (Fig. 4-6a) show that a majority consists of 
unconverted 13C labelled ethanol along with only a minor fraction (15 -25 %) of 12C ethanol. 
12C ethanol is obtained as a product from the decomposition of 12C diethyl ether (reaction 4 
of Table 4-3). It increases slightly with temperature, which could indicate higher conversions 
of diethyl ether to ethanol and ethene at higher temperatures. On the other hand, 13C labelled 
ethanol decreases with temperature, indicating the reactant is accumulated/converted to 
other chemical species. In the case of diethyl ether (Fig. 4-6b), all detected products contain 
only the fed 12C diethyl ether. There is no diethyl ether with only 13C labelled (reaction 2 of 
Table 4-3) or as scrambled product containing both 12C and 13C (reaction 5 of Table 4-3). 
Therefore, the products ethene and ethanol from the corresponding ether decompositions, 
namely reactions 3 or 6, 7 of Table 4-3, are not occurring either. 
 
 
Fig. 4-6. Carbon percentages (13 carbon - open, 12 carbon - closed) as a function of temperature from 
single-pulse experiments of an ethanol (13C2H5OH) and diethyl ether (12C4H10O) mixture over H-ZSM-5 
in Knudsen regime in ethanol (a), diethyl ether (b) and ethene (c). ( - ethanol,  - ethene and  - 
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diethyl ether) (X13C2H5OH = 0.8 mol mol-1, X12C4H10O = 0.8 mol mol-1) . (W = 1 mg, nethanol/pulse, Knudsen = 4 x 10-
10 mol, ndiethyl ether/pulse, Knudsen = 1 x 10-9 mol). Error bars representing 95 % confidence interval. (Lines to 
guide the eye). 
Ethene isotopic carbon percentages data (Fig. 4-6c) give a remarkable insight. Here, almost all 
of the ethene contains the 12C label, which is a product of the decomposition of 12C labelled 
diethyl ether (reaction 4 of Table 4-3). There is no ethene from 13C labelled ethanol at lower 
temperatures, which could be due to the lack of sufficient concentrations of ethanol to 
convert to ethene via diethyl ether. However, a very small amount (≈10 %) of 13C labelled 
ethene is obtained at 573 K. This evidences a preferential ether mediated path over the direct 
path in the mechanism of ethanol dehydration. The carbon balances shown in Fig. 4-7 also 
support that there is an accumulation of the reactants towards various surface species, like 
the carbon balances obtained from the single-pulse experiments of ethanol of the previous 
section (see Fig. 4-4).  
475 500 525 550 575
30
40
50
60
70
 
 
C b
a
l, 
%
T, K  
Fig. 4-7. Carbon balances versus temperature from single pulse experiments of an ethanol (13C2H5OH) 
and diethylether (12C4H10O) mixture over H-ZSM-5 in Knudsen regime. (W = 1 mg, nethanol/pulse, Knudsen = 4 
x 10-10 mol, ndiethylether/pulse, Knudsen = 1 x 10-9 mol). Error bars representing 95 % confidence interval. (Lines 
to guide the eye). 
To understand in more detail the contributions of carbon labelled percentages towards 
various chemical species, Fig. 4-8 provides detailed information on the possible scrambling of 
products ethanol (a) and ethene (b). In Fig. 4-8a, ethanol contains either both 13C or 12C but 
no scrambled product. 13C labelled ethanol is from the unconverted feed whereas 12C labelled 
ethanol is a product of 12C labelled diethyl ether. In case of ethene, a significant amount of it 
only appears as a product of 12C labelled diethyl ether. This proves that the concentration of 
13C labelled ethanol in the feed, 4 X 10-10 mol, is too low to develop sufficient 13C labelled 
diethyl ether surface species towards the production of 13C labelled ethene. However the 
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amounts of 12C ethanol and ethene from 12C diethyl ether are not in equal stoichiometric 
molar ratios, as would be expected from reaction 4 of Table 4-3. Ethene is present at much 
higher concentrations than ethanol. This can be due to the stronger adsorption of ethanol on 
the catalyst, which can only further participate in conversion to ethene via a diethyl ether 
surface species. The experimental findings of single-pulse experiments using pure ethanol and 
with the ethanol - diethyl ether cofeed mixture summarize that at the investigated conditions, 
the ether mediated path is dominant in the dehydration of ethanol. 
 
Fig. 4-8. Isotopic contributions in the products ethanol (a) and ethene (b) with temperature from single 
pulse experiments of an ethanol (13C2H5OH) and diethyl ether (12C4H10O) mixture over H-ZSM-5 in 
Knudsen regime. Ethanol ( - 2 13C,  - 0 13C); ethene ( - 2 13C,  - 0 13C). (X13C2H5OH = 0.8 mol mol-1, 
X12C4H10O = 0.8 mol mol-1). (W = 1 mg, nethanol/pulse, Knudsen = 4 x 10-10 mol, ndiethyl ether/pulse, Knudsen = 1 x 10-9 mol). 
Error bars representing 95 % confidence interval. (Lines to guide the eye). 
4.3.3 Microkinetic modelling 
An approach to understand the detailed reaction mechanism is by estimating kinetics of the 
reaction with the in-house developed code, TAPFIT, using the high resolution experimental 
data obtained under Knudsen regime conditions as input. As shown from previous 
experiments, ethanol dehydration to ethene proceeds along the ether mediated path in 
preference to the direct path. To validate this, a detailed reaction network (see Fig. 4-9) for 
ethanol dehydration from reference [5] will be used in microkinetic modelling simulations of 
TAPFIT for monitoring the similarities/deviations of the current experimental data with the 
simulated responses using the kinetic parameters of ab initio based microkinetic modelling.  
Herein, five mechanisms (1-5) are included for the direct path A, two mechanisms (6-7) for the 
etherification path B and one mechanism (8) for its decomposition to ethene and ethanol. For 
detailed information related to the mechanisms, the reader is referred to the following article 
[5] and an overview of the elementary steps participating in each mechanism is shown in 
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Appendix C, Table C2. The ab initio based kinetic parameters values from Table 1 of reference 
[5] including both forward and backward rate coefficients for all of the elementary steps 
participating in the reaction network through the eight mechanisms, are shown in Table 4-4 
at 500 K 
 
Fig. 4-9. Reaction network of ethanol dehydration via various mechanisms over HZSM-5 (modified from 
the reference [5] with the possible preferred paths highlighted in bold arrows with green (ether 
formation) and royal blue (ether decomposition) labels for the involved elementary steps). 
 
Table 4-4. Elementary steps involved in all of the reaction mechanisms of ethanol dehydration along 
with the forward and backward rate coefficients at 500 K (using the ab initio calculated values of Table 
1 of [5]). 
Elementary step Parameter Value (in s<A or m;= mol<As<A) 
Number Reaction   
0 W ⇄  H[O(;) +∗ k0+ 1.77 x 10
12 
k0- 4.33 x 1011 
1 EtOH(;) + ∗ ⇄  M1 k1+ 4.33 x 1011 
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k1- 9.47 x 108 
2 M1 ⇄  M2 k2+ 8.33 x 10
11 
k2- 1.04 x 1013 
3 M2 ⇄  Ethoxy + H[O(;) k3+ 1.90 x 10
1 
k3- 2.08 x 100 
4 Ethoxy ⇄  Ethene∗ k4+ 7.90 x 10
1 
k4- 2.26 x 103 
5 Ethene∗  ⇄  C[HÈ(;) +∗ k5+ 1.46 x 10
13 
k5- 4.33 x 1011 
6 M1 + EtOH(;)  ⇄  D1 k6+ 4.33 x 10
11 
k6- 1.37 x 1011 
7 D1 ⇄  D2 k7+ 4.69 x 10
9 
k7- 1.04 x 1013 
8 D2 ⇄  DEE∗ + H[O(;) k8+ 8.60 x 10
2 
k8- 4.97 x 10-4 
9 DEE∗  ⇄  DEE(;) + ∗ k9+ 1.35 x 10
7 
k9- 4.33 x 1011 
10 DEE∗  ⇄  C1 k10+ 3.30 x 10
-2 
k10- 5.79 x 107 
11 C1 ⇄  Ethene∗ + EtOH(;) k11+ 9.89 x 10
15 
k11- 4.33 x 1011 
12 Ethoxy + EtOH(;)  ⇄  DEE∗ k12+ 2.37 x 10
1 
k12- 8.91 x 10-3 
13 D2 ⇄  C2 + C[HÈ(;) k13+ 1.20 x 10
1 
k13- 6.48 x 10-2 
14 C2 ⇄  M1 + H[O(;) k14+ 6.25 x 10
14 
k14- 4.33 x 1011 
15 M1 ⇄  W + C[HÈ(;) k15+ 8.00 x 10
-5 
k15- 2.77 x 10-4 
16 M2 ⇄  C3 k16+ 6.40 x 10
-1 
k16- 1.52 x 105 
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17 C3 ⇄  W + C[HÈ(;) k17+ 4.17 x 10
17 
k17- 4.33 x 1011 
18 W + EtOH(;)  ⇄  C2 k18+ 4.33 x 10
11 
k18- 4.01 x 1011 
19 C2 ⇄  2W + C[HÈ(;) k19+ 6.30 x 10
-4 
k19- 3.74 x 10-5 
20 2W ⇄  W + H[O(;) k20+ 1.04 x 10
13 
k20- 4.33 x 1011 
 
4.3.3.1 Ethene feed 
In view of microkinetic modelling, single-pulse experimental data of ethene over H-ZSM-5 
catalyst at three temperatures of 473, 523 and 573 K are used (see Fig. 4-10). Ethene has only 
reversible adsorption with no conversion to products and no accumulation in the catalyst at 
all the temperatures. So, the elementary step number 5 of Fig. 4-9 is the only utilized step in 
the reaction network of TAPFIT. The prevalence of a single elementary step in the reaction 
network of ethene experiments over H-ZSM-5 catalyst could facilitate further microkinetic 
modelling simulations of the complete reaction network. 
The simulations performed with the rate coefficients as provided in Table 4-4 corresponding 
to the ethene adsorption and desorption process are shown in Fig. 4-10a, b and c. These 
simulated responses of ethene completely coincide with the corresponding experimental 
responses. As the ab initio based rate coefficients for this elementary step are satisfactorily 
describing the ethene responses, these values are fixed in the further simulations/regression 
of the microkinetic modelling with the detailed reaction network of diethylether and ethanol 
dehydration.  
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Fig. 4-10. Ethene responses at three different temperatures (a) 473 K, (b) 523 K and (c) 573 K from 
single-pulse experiments of ethene over H-ZSM-5. (black dots – experimental response; red continuous 
line – simulated response calculated with the ab initio parameters of elementary step 5 in Table 4-4 by 
reparameterization of the rate coefficients using 500 K data and by using the equations 3-2 to 3-13). 
(W = 0.3 mg, nethene/pulse, Knudsen regime = 3 x 10-9 mol, O`aa,`gh`Z`f  = 6.65 x 10-3 m2/s).  
 
4.3.3.2  Diethylether feed 
In the ethanol dehydration experiments over H-ZSM-5, diethylether was not observed as a gas 
phase product (see Fig. 4-5d), whereas the complete reaction network of ethanol dehydration 
as described in Table 4-4 does contain diethylether. Nevertheless single-pulse experiments of 
diethylether over H-ZSM-5 contain all reaction products ethanol, ethene and water along with 
the diethylether pulse response. So, these experimental data were used to extract the rate 
coefficients associated to diethylether for adsorption/reaction. Initially for comparisons, the 
responses are simulated in TAPFIT using the kinetic parameters of ab initio based calculations 
as shown in Table 4-4 at 500 K, inputted as a reparameterized value to the other temperatures 
experimental data. The corresponding simulation results for ethanol, water, ethene and 
diethyl ether are shown in Fig. 4-11 a, b, c and d, respectively. The noisy tailing of the 
experimental data for water can either be due to the low signal intensity or to the lower 
sensitivity of the mass spectrometer to the water signal. 
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Fig. 4-11. Responses of (a) ethanol, (b) water, (c) ethene and (d) diethyl ether from single-pulse 
experiments of diethyl ether over H-ZSM-5 at 523 K. (black dots – experimental response; red 
continuous line – simulated response calculated with the ab initio parameters of Table 4-4 by 
reparameterization of the rate coefficients using 500 K data and by using the equations 3-2 to 3-13). 
(W = 0.3 mg, ndiethylether/pulse, Knudsen regime = 3 x 10-9 mol, O`aa,Ñääf  = 5.88 x 10-3 m2/s). 
 
The simulated data of diethylether given in Fig. 4-11d yield no response indicating its complete 
conversion. The product ethanol (Fig. 4-11a) has also no response and very small responses 
are obtained for water and ethene (Fig. 4-11b and c). These simulated responses could not be 
further optimized to the experimental responses by only adjusting the conversions, which is 
achieved by varying the catalyst mass, while fixing pulse intensity. To understand the 
deviations of the simulated data, using the ab initio based kinetic parameters, from the 
transient experimental data, a regression analysis is performed. The experimental data 
collected for three different temperatures were used at once in the parameter estimation by 
the method of reparameterization. This approach would lead to a better description of the 
estimated parameters, which are valid for a wide range of temperatures with a single 
descriptor. The reference temperature was chosen as 500 K for ease of comparison to the 
reported ab initio based kinetic parameters. In the regression analysis, the parameters that 
deviated from the ab initio based microkinetic modelling results are shown in Table 4-5 along 
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with their binary correlation coefficients in Table 4-6. Including more kinetic parameters in the 
regression did not affect the simulated responses or led to non-converged solutions or 
thermodynamic inconsistences. 
Table 4-5. Estimates of rate coefficients (Ä<A or d= Åå<AÄ<A) at the reference temperature 500 K 
along with their 95% confidence interval obtained from the regression analysis of single-pulse 
experimental data of diethylether feed using the reparameterization approach to two temperatures of 
523 and 573 K over H-ZSM-5 in TAPFIT with the rest of the parameters fixed to the ab initio values of 
Table 4-4. 
Elementary step 
number 
Parameter Estimated value kab initio/ kTAPFIT 
1 k1- (3.95 ± 0.10) x 1010 2.40 x 10-2 
3 k3+ (9.88 ± 0.84) x 10-1 1.92 x 101 
4 k4+  (7.04 ± 0.36) x 10-2 1.12 x 103 
9 k9+  (7.46 ± 0.16) x 109 1.81 x 10-3 
10 k10+  (9.61 ± 0.24) x 10-1 3.44 x 10-2 
 
Table 4-6. Binary correlation coefficients between the parameters 
 k1- k3+ k4+ k9+ k10+ 
k1-  1.0000 0.5396 0.0664 -0.2698 -0.1935 
k3+ 0.5396  1.0000 0.0352 -0.0129 -0.2979 
k4+ 0.0664 0.0352  1.0000 -0.0799 0.1110 
k9+ -0.2698 -0.0129 -0.0799 1.0000 -0.4667 
k10+ -0.1935 -0.2979 0.1110 -0.4667  1.0000 
 
The simulated data for ethanol, water, ethene and diethylether responses at 523 K after 
minimizing the objective function of the regression analysis (i.e. eq. (3-13)) are compared to 
the experimental data in Fig. 4-12a, b, c and d. By changing the aforementioned five 
parameters from the ab initio based values, the simulations now allow to describe the 
experimental response with better agreement. These adjusted parameters correspond to 
ethanol desorption, ethoxy formation from ethanol and its further conversion to adsorbed 
ethene, diethylether desorption and ethene elimination from this adsorbed ether. Further 
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quantification of the simulated responses from their zeroth moments reveals that there is an 
accumulation on the catalyst. 
 
Fig. 4-12. Responses of (a) ethanol, (b) water, (c) ethene and (d) diethylether from single-pulse 
experiments of diethylether over H-ZSM-5 at 523 K. (dotted line – experimental response; continuous 
line – regressed response calculated with the parameters from Table 4-5 along with the other 
parameters fixed to ab initio data of Table 4-4 by reparameterization of the rate coefficients using 500 
K data and by using the equations 3-2 to 3-13). (W = 0.3 mg, ndiethylether/pulse, Knudsen = 3 x 10-9 mol, O`aa,Ñääf  
= 5.61 x 10-3 m2/s). 
4.3.3.3 Ethanol feed 
In view of the updated kinetic parameters from the ab initio based values obtained from the 
microkinetic modelling results of the above two feeds, the simulated responses generated for 
the ethanol feed are compared to the experimental data as shown in Fig. 4-13a, b, c and d for 
ethanol, water, ethene and diethylether responses. Except for a relatively high amount of 
ethanol in the simulated response, the responses for water and ethene are in agreement and 
there was no diethylether. A higher rate coefficient for ethanol desorption (see Table 4-5) 
compared to the ab initio based value could possibly be a reason for observing the high 
amounts of ethanol. Nevertheless, these single set of parameters is able to describe the 
experimental data from three feeds, ethene, diethylether and ethanol over H-ZSM-5.     
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Fig. 4-13. Responses of (a) ethanol, (b) water, (c) ethene and (d) diethylether from single-pulse 
experiments of ethanol over H-ZSM-5 at 523 K. (dotted line – experimental response; continuous line – 
simulated response calculated with the parameters from Table 4-5 along with the other parameters of 
Table 4-4 by reparameterization of the rate coefficients using 500 K data and by using the equations 3-
2 to 3-13). (W = 0.3 mg, nethanol/pulse, Knudsen = 2 x 10-9 mol, O`aa,`ghbZef  = 5.28 x 10-3 m2/s). 
4.3.3.4 Reaction path analysis 
To understand the preferred path enabled by these optimized kinetic parameters over 
different conversions, a reaction path analysis with this new kinetic parameter set is 
performed.  The continuity equations for the isothermal plug-flow reactor model used in the 
following simulations are given in Appendix C, C1-3. The results of these equations obtained 
from the regression analysis by TAPFIT at 500 K are shown in Fig. 4-14. These plots contain 
Turn over frequencies (TOF’s) versus conversion for all paths (a), along with the operating 
mechanisms in each path (c and d) and surface coverages at different conversions of ethanol 
(b). The TOF of each path is obtained from the summation of TOF’s of the various mechanisms 
involved in these paths.  
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Fig. 4-14. Effect of ethanol conversion on a) turnover frequencies for various paths, b) surface coverages 
for different adspecies c) turnover frequencies of various mechanisms from path A and d) turnover 
frequencies of mechanisms from path B. (T = 500 K, PEtOH,0 = 25 Pa). Data plotted from plug-flow reactor 
simulations (C1-3 from Appendix C) with the parameters obtained from the TAPFIT microkinetic 
modelling. 
Given the experimental conditions of the TAP reactor with low pulse intensity, the 
dehydration is expected to proceed via the mono-molecular direct path A. However, the TOF’s 
of various paths support that the bi-molecular path B is preferred. As gas phase diethylether 
is not observed in the experiments, simulations at two different conditions were performed 
in TAPFIT using the optimized kinetic parameters to verify the presence of diethylether in the 
reaction product. It showed that for a fixed pulse intensity of 2 nanomoles in each pulse over 
a catalyst loading, which is three orders higher than the current experimental conditions, i.e. 
300 mg (i.e. active sites : pulsed quantity = 1.5 X 104), there was only water production and no 
other carbon based products. Upon increasing the pulse intensity to two orders higher than 
the current pulsed quantity over a catalyst of 0.3 mg (i.e. active sites : pulsed quantity = 1.5 X 
10-1), there was indeed production of diethylether. This explains that the gas phase 
diethylether which is expected as a reaction product is adsorbed back. In case of flow 
conditions, a pseudo-steady-state-approximation for all surface intermediates is assumed, 
where there is no accumulation over a saturated catalyst. 
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The surface coverage plot in Fig. 4-14b shows that ethoxy is the major surface species at all 
ethanol conversions, which is followed by M1. The individual TOF’s of various mechanisms in 
path A (plot c) and B (plot d) with ethanol conversions indicate that the ethoxy mediated 
mechanism 6 of the etherification path B is most dominant, followed by the 1,2-syn-
elimination mechanism 3 of the direct dehydration path A. At conversions larger than 80%, 
mechanism 6 is in competition with mechanism 3. All other mechanisms (i.e. 1,2,4,5) of path 
A do not contribute significantly to the dehydration of ethanol. It is concluded that the 
prevalence of the ethoxy mediated bimolecular pathway in TAP reactor conditions is preferred 
in comparison to the direct dehydration path. 
4.4. Conclusions 
Experimental data from TAP reactor with a detailed microkinetic modelling adequately 
described the mechanism involved in ethanol dehydration over H-ZSM-5. Single-pulse 
experiments of ethanol over H-ZSM-5 in Knudsen regime identify only ethene as carbon 
product in the gas phase effluent over reaction temperatures of 473 to 573 K. From 
comparison with the standard diffusion curves, ethanol is shown to undergo irreversible 
adsorption/reaction. Height normalized response data for the products at different 
temperatures overlap in tailing, which is due to mixed contributions of the reaction pathways. 
Isotope mixtures of C-12 labelled diethyl ether and C-13 labelled ethanol evidenced that 
adsorbed diethyl ether actively takes part in ethene formation, whereas there is no ethene 
from C-13 labelled ethanol in Knudsen conditions. These experimental findings of the ether-
mediated path preference are validated with the optimization of the simulated responses by 
regression analysis in TAPFIT. 
Independent experiments of ethene and diethylether validated the kinetic parameters from 
ab initio based microkinetic modelling. Rate coefficients for ethene adsorption are in complete 
accordance with the TAP experimental data. The kinetic parameters obtained from ab initio 
based microkinetic modelling data could not describe the transient experimental data from 
diethylether feed. In contrast, optimization of the kinetic parameters by regression analysis in 
TAPFIT does explain the experimental data with a good agreement between simulated and 
experimental responses upon changing a limited set of kinetic parameters. These single set of 
parameters also well described the experimental responses from ethanol feed. The reaction 
path analysis with the optimized parameters favored the ethoxy-mediated ether path. Thus, 
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under the current operating conditions, a combination of well-structured experimental design 
complemented with kinetic modelling of data from various feeds explained the underlying 
ether-mediated mechanism in the dehydration of ethanol to ethene. 
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Chapter 5  
 
 
Role of intermediates in reaction pathways from ethene to hydrocarbons over H-ZSM-5 
 
Insight in ethene to hydrocarbon transformation over a H-ZSM-5 catalyst was obtained by 
means of temporal analysis of products (TAP) in the temperature range 598-698K with pulses 
of higher olefins, dienes, cyclodienes and aromatics. Pulses of propene, 1-butene and 1-
hexene allowed to identify the cracking routes from ethene oligomerization products. When 
pulsing benzene or ethylbenzene, only accumulation of aromatics occurred. In-situ 
temperature programmed desorption (TPD) experiments after pulsing identified aromatics as 
long-lived surface species. The role of intermediates was assessed by means of pre-adsorption 
of the different feeds before pulsing ethene, in so-called pump-probe experiments. Butene 
enhanced propene formation, while all other olefins favored butene production via aliphatic 
surface intermediates. The latter were also intermediates in the conversion of hexadiene to 
butene and aromatics, while cyclohexadiene was converted to propene and aromatics via 
aromatic surface intermediates. In contrast to ethylbenzene pulses alone, aromatics alkylation 
participated towards light olefin production via sidechain/paring mechanisms. Isotope 
experiments of 13C2H4 over a catalyst coked during continuous flow experiments with 12C only 
showed scrambling in both propene and butene products, stressing the role of long-lived 
aromatic surface intermediates. 
 
 
This work has been published as: 
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5.1. Introduction 
Bio-based resources, besides having environmental benefits, are of increasing importance to 
meet the energy demands due to the rising usage of fuels and chemicals. Bioethanol can be 
produced from diverse lignocellulosic materials, which do not affect the food chain system. As 
such, bioethanol has the potential to be a substitute for fossil fuels and a precursor to value 
added chemicals [1]. Studies have shown that ethanol usage in blend or pure form in vehicles 
protects the environment by reducing greenhouse emissions up to 62% [2]. However, the 
necessity of hardware upgrades limits the direct use of ethanol in the majority of the current 
automobile engines. On the other hand, value added chemicals significantly depend on 
petroleum based fossil fuels. Their production accounted for 7 % of the total petroleum 
consumption in the world in 2013 [3]. These facts have triggered the investigation of possible 
ways to convert ethanol to ethene and other value added chemicals [4]. 
In the last four decades, alcohols were one of the main alternative resources investigated for 
base chemicals and fuels production. Researchers from Mobil company were the first to 
develop a route to the gasoline range hydrocarbons (C4 to C10) production from methanol 
using a H-ZSM-5 zeolite in 1976 [5, 6]. This has widened the search for both longer chain 
primary alcohols and zeolite catalysts. Though methanol was the initial focus, interest towards 
ethanol has been growing tremendously. On the catalyst side, H-ZSM-5 as three-dimensional 
medium-pore zeolite with Brønsted acid sites and an intersecting channel system [7] remains 
favorite. In addition, its shape selectivity and hydrothermal stability [8] make it most 
promising for bioethanol conversion to hydrocarbons [9, 10]. 
Most research has focused on catalyst optimization [11-16] and only few studies investigating 
the reaction mechanism of ethanol conversion are available in literature. To explore the full 
potential of ethanol conversion into chemicals and fuels, an in-depth knowledge of the 
reaction mechanism is needed. Gayubo et al. [17] performed kinetic modelling of the ethanol-
to-hydrocarbons based on classical oligomerization-cracking-aromatization routes, involving 
ethene as a primary product. Madeira et al. [18] used electron paramagnetic resonance (EPR) 
in ethanol-to- hydrocarbons reaction to understand the chemical species in carbon deposits 
and supported a radical-assisted mechanism. In spite of loss in acidity and microporosity over 
a coked catalyst, they correlated higher catalytic performances to the detected radical species 
in the carbonaceous deposits. Based on a similar product distribution for ethanol [19] and 
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methanol [20, 21], Johansson et al. [19] proposed a hydrocarbon pool mechanism in ethanol 
to gasoline over a H-ZSM-5 catalyst with differences in the hydrocarbons retained inside the 
zeolite catalyst. Currently, these are the three most debated mechanisms for this reaction. 
Yet, there is no clear evidence in favor of any of these mechanisms. 
The transient pulse-response technique with millisecond time scale resolution of the TAP 
reactor is a powerful tool in investigating reaction mechanisms [22-26], by identifying the 
intermediates of a reaction network [25, 27] and the sequence of steps involved in a reaction 
process [28]. The high time resolution is particularly beneficial in understanding the complex 
mechanisms involving multistep reactions. Owing to the usage of practical catalysts and 
intermediate pressures between atmospheric or higher pressure continuous flow and 
ultrahigh vacuum surface science techniques, this technique minimizes the materials and 
pressure gap [29]. In a previous article [24], a pulse technique (i.e. Temporal Analysis of 
Products, TAP) was combined with continuous flow and ab initio microkinetic modelling 
results to elucidate the mechanism of ethanol conversion to hydrocarbons as presented in 
Scheme 5-1. Herein, it was found that ethanol dehydration is mechanistically decoupled from 
higher hydrocarbon formation and that butene formation occurs only at complete ethanol 
conversion, where the surface becomes available for ethene adsorption. At incomplete 
ethanol conversion, the surface is strongly adsorbed with oxygenates such as ethanol and 
diethylether. The further routes involved in the production of light olefins via aliphatic and 
aromatic surface intermediates were identified. A combined mechanism of acid-catalyzed 
routes via aliphatic surface intermediates and side-chain alkylation/paring via aromatic 
surface intermediates was found to participate in the hydrocarbon pool. 
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Scheme 5-1. Reaction mechanism of ethanol transformation to hydrocarbons over H-ZSM-5 catalyst 
(modified from [24]) 
From the group of Lercher [30], cofeeding aromatics and olefins has provided insight in 
aromatic-based and olefin-based catalytic cycles in the methanol to olefins process. In this 
work, we show for the ethene conversion process the detailed role of products and 
intermediates towards light olefins (propene and butene) in the hydrocarbon pool, and also 
the extent of their participation over catalysts coked in transient and continuous flow 
experiments. The central issues addressed in this study are the following: (1)  Development of 
products with pulse number in pulse experiments of C2H4 and higher olefins; (2) Assessment 
of the synergetic effects of two different reactants upon interaction at the surface of the 
catalyst at different time delays; (3) Investigation of the cyclization of dienes by pump-probe 
experiments of dienes and cyclodienes with ethene; (4) Study the role of aromatic surface 
species on external surface of the zeolite using carbon labelled isotopic ethene experiments 
on a catalyst coked under continuous flow conditions. Elucidation of these issues will lead to 
a better understanding of the mechanism and the ways to control activity and selectivity.  
5.2. Experimental methods 
5.2.1 Materials 
A NH4-ZSM-5 (CBV 3024, Si/Al = 15) catalyst purchased from Zeolyst international, was used 
after calcination at 823 K for 4 hours to remove ammonium cations. The catalyst was pelletized 
to 250 to 500 microns and placed between layers of inert quartz particles of the same size. 
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Helium (Praxair, 99.999%) was used as internal standard to quantify the reaction products. 
Ethene, propene and 1-butene of N35, N25 and N20 qualities, respectively, were used from 
Air Liquide. Isotopic labelled ethene (13C2H4) of 99% purity was purchased from Cambridge 
Isotope laboratories, Inc. 1-Hexene (Janssen Chimica, 99%), 1,4-hexadiene, a mixture of cis 
and trans (Sigma-Aldrich, 99%) 1,4-cyclohexadiene (Sigma-Aldrich, ≥ 97.0%), benzene (Acros, 
99%) and ethylbenzene (Acros, 99.8%) were used as liquids. 
5.2.2 TAP-3E reactor 
Experiments were performed in a transient experimental setup TAP-3E, which allows data 
acquisition with millisecond time scale resolution [31]. Reactant/Helium feed mixtures are 
prepared in gas blending tanks and each tank is connected to a separate pulse valve injector. 
These gas blending tanks are pre-heated to 383 K, so that gas mixtures remain as vapors at 
these temperatures. Liquid reactants were injected into the tank by a gas tight Hamilton 
syringe. In all of the feeds, the partial pressure of helium was adjusted to maintain a total 
pressure of approximately 2.5 bar at the pulse valve for stable pulsing. Pulse valves are housed 
in a manifold assembly for injecting gaseous reactants as pulses into the reactor. The reactor 
is a quartz tube with a total length of 47.5 mm and 4.0 mm internal diameter. The length of 
the catalyst bed is 2.0 mm. The reactor is heated with the help of a heating coil, where the 
temperature of the catalyst bed is measured by a thermocouple placed inside the reactor. The 
exit of the reactor is open to a high-vacuum chamber of approx. 5 x 10-5 Pa maintained by a 
turbo molecular pump (Turbo-V 301-AG) and a diffusion pump (VHS-400 from Agilent 
technologies). This chamber contains an Extrel 150QC quadruple mass spectrometer with its 
axis perpendicular to the axis of the reactor. All the experiments were controlled by software 
developed in LabVIEW. 
5.2.3 Types of experiments and experimental procedures 
Single-pulse experiments were carried out to study the interaction of a gas with the active 
sites of the catalyst at a particular state. These experiments are typically performed in 
Knudsen regime, with an average of 1014-15 molecules per pulse, and are also termed state-
defining experiments, as the state of the catalyst surface remains unchanged [32]. Since it was 
found that ethene conversion to higher hydrocarbons at full ethanol conversion is unaffected 
by the presence of water [24], anhydrous ethene is used as main reactant. As the formation 
of hydrocarbons from ethene requires the catalyst state to be altered, the pulse intensity was 
increased to 1016-17 molecules per injected pulse, which corresponds to the molecular 
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diffusion regime [33]. The pulse experiments of ethene, propene, 1-butene, 1-hexene, 1,4-
hexadiene, 1,4-cyclohexadiene, benzene and ethylbenzene were performed over a H-ZSM-5 
catalyst to monitor the catalyst activity and products  development. 
The role of active intermediates and products was elucidated from pump-probe experiments 
with varying time delays between the pumped and probing pulses. Species created during the 
first pulse (pump pulse) can be probed with a suitable reactant during the second pulse (probe 
pulse). The pump molecules were higher olefins, hexadiene, cyclohexadiene and aromatics, 
while the probe molecule was ethene. In these experiments, the two reactants were injected 
from two different feed lines using two pulse valves with a time delay of 0.1 s, 2 s and 9 s 
between the two pulses to quantify the life time of the active species. For comparison, single-
pulse experiments of both pump and probe molecules were performed separately after the 
pump-probe experiments and the product yields obtained from these individual pulse 
experiments are  compared to the pump-probe experimental result. 
Data acquisition was kept long enough (up to 20 s) so as to avoid interference from the 
previous signal, which ensures that the tailing of each response coincides with the baseline. 
All masses are recorded with a time delay of 0.1 s to capture the complete initial pulse 
response in a pulse train. The data acquisition software of the TAP reactor allows to monitor 
one mass-to-charge ratio (m/z) at a time for each injected pulse. In order to observe the  
development of all products for each injected pulse, two mass-to-charge ratios were 
requested in an experiment containing 500 pulses, namely one corresponding to a product 
and another to the inert gas, where these m/z are recorded in subsequent pulses. Due to 
limitations of the quadruple mass spectrometer in distinguishing isomers, the reaction 
pathways including isomerization were not considered as a separate step.  
Catalyst activity was restored in temperature programmed desorption by increasing the 
temperature from 648 to 773 K with a 20 K/min ramp under vacuum (x 10-5 Pa). After 
regenerating the catalyst, the same experiment is repeated to collect all other product mass-
to-charge ratios. Experimental data are reproducible after regenerating the catalyst. This 
procedure is used in pulse experiments of ethene to obtain a detailed time resolved  
development. For all other hydrocarbon feed reactants, all mass-to-charge ratios 
corresponding to alkenes, aromatics and alkanes were monitored in a single experiment with 
a reduced time resolution, which nevertheless proved sufficient.  
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For the observed products, the interfering fragment contributions at each mass-to-charge 
ratio from other compounds were extracted and the final response was assigned to the 
corresponding hydrocarbon component (see Table 1). Over the quartz bed, calibration factors 
for each compound were calculated using equation (2-1) and the fragmentation patterns for 
each compound were compared with the mass spectrum from NIST [34]. All compound 
fragmentation patterns were comparable to NIST, except for ethene (28 amu). Here, 
interference with background nitrogen in the vacuum system occurred, so experimental 
fragmentation patterns were considered for ethene. 
Table 5-1. Relative peak intensities in hydrocarbon fragmentation; the highlighted fragment peak 
intensity was used to identify the corresponding hydrocarbon. 
Gas↓ m/z→ 28 42 56 70 78 84 91 
Ethene 100       
Propene 1 70      
Butene 37 3 48     
Pentene 2 33 5 42    
Hexene 5 30 50 4  36  
Benzene 2    100   
Alkylbenzene* 1    9  100 
*- Up to 2 carbons 
Absolute calibration factors for the component j recorded at amu i is obtained from equation 
(2-1). 
lmno  [ }æqv{]  =
qr ∙ s ∙ t ∙ uv∆xmyyz{o|y ∙ }myyz{o|y   (5-1) 
Where f is the calibration factor of component j at amu i, E is the zeroth moment of the 
response (area under the pulse response), x is the number of pulses, R is the gas constant, e 
is the temperature of the feedline, ∆a``fZ` is the pressure drop in the feedline, a``fZ` is 
the volume of the feedline. 
The amount of molecules leaving the reactor is converted from volt-sec to moles from the 
zeroth moments of the responses by using the following equation: 
|o [qv{] =  qvlmno       (5-2) 
Where f is the outlet moles of the reactant i. 
Chapter 5 
100 
 
Conversion and selectivity of the hydrocarbons were calculated using the following equations: 
ço [qv{qv{]  =
|ov − |o|ov     (5-3) 
Where èf is conversion of the reactant i, fe and f  is the number of moles of reactant i at the 
inlet and outlet respectively. 
é [qv{qv{]  =
 ∙ |o ∙ (|ov − |o)    (5-4) 
Where ¦ is the selectivity for the product p,  is the number of carbon atoms in the product 
p,  is the number of moles of product p and f is the number of carbon atoms in the reactant 
i. 
Molar yield, Yi is calculated using the following equation: 
êo [qv{qv{]  =
|o ∙ |ov    (5-5) 
 
The carbon balance, Cbal is calculated using equation (5-6).  
{   =  o ∙ |o + ∑ ∙ |o ∙ |ov  ∗ rr  (5-6) 
For quantitative comparison of pump-probe with single-pulse experimental data, the 
following equation was used: 
∆ëo [qv{qv{] = 
|ìq<ívy − î|ìq_éx + |ívy_éxï
î|ìq_éx + |ívy_éxï  ∗ rr     (5-7) 
Where ∆Ri is the relative difference in the number of moles of product from pump-probe 
experiments and those from single pulse experiments, npump-probe is the number of moles of a 
product obtained from pump-probe experiments, npump_SP is the number of moles of product 
obtained from single pulse experiments of pump molecule feed, nprobe_SP is the number of 
moles of product obtained from single pulse experiments of probe molecule feed. 
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After completing the pulse experiments, temperature programmed desorption monitored the 
products released from the catalyst bed. These were recorded in scan experiments with mass-
to-charge ratios from 1 to 200 amu at millisecond resolution in each scan. 
5.3. Results and discussion 
5.3.1  Single pulse experiments 
5.3.1.1 Ethene 
Pulse experiments of an ethene/helium mixture over a fresh H-ZSM-5 catalyst at 648 K were 
performed to monitor the products with pulse number in the initial stages of reaction under 
transient conditions. A pulse train containing 480 pulses with a time delay of 20.1 s for the 
first 120 pulses and 10.1 s for the next 360 pulses was used in the data acquisition. The longer 
collection times in the first 120 pulses were set to cover the longer tailing observed in the 
aromatics pulse responses. As the tail becomes narrower, the collection time for these pulses 
was decreased.   A typical pulse response obtained for ethene is presented in Fig.5-1a. Ethene 
leaves the reactor in less than a second. The amount of ethene at the reactor outlet as a 
function of pulse number is shown in Fig.5-1b. Up to 300 pulses, there is a high consumption 
of ethene, which thereafter levels off. The conversion of ethene drops from 0.6 initially to 0.2 
at the end of 480 pulses (see Fig.5-1c). In an additional experiment, ethene pulses has been 
prolonged to 660 pulses and there is a constant conversion beyond 300 pulses as shown in 
Appendix D, Fig. D1. 
 
Fig.5-1. (a) Outlet molar flow rate of ethene corresponding to the 10th pulse, (b) amount of ethene at 
the reactor outlet and (c) ethene conversion with pulse number from pulse experiments of ethene over 
H-ZSM-5 catalyst. (W = 27.5 mg, T = 648 K, nC2H4 /pulse = 1.3∙10-6 mol) 
The main products observed were propene, butene, pentene, hexene, benzene and 
alkylbenzene. Fig. 5-2a, b presents the amount of these olefins and Fig. 5-2c the aromatic 
products as a function of pulse number. Due to the decreased conversion of the catalyst with 
increasing number of ethene pulses as shown in Fig.5-1c, each product was followed 
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individually after regenerating the catalyst by a temperature programmed desorption. Olefin 
formation begins from the first pulse onwards, whereas alkylated aromatics only appear from 
the third pulse. The accumulated olefins undergo alkylation, cyclization and hydrogen transfer 
reaction steps to form these aromatics [35]. The few aromatics that are formed in the first 
pulses undergo strong adsorption and can only be detected after sufficient buildup in the 
zeolite. At the beginning of the pulse experiment, the carbon balance is 60%, which later 
reduced to a constant value of 80 % as shown in Appendix D, Fig. D2. This can be attributed to 
the development of surface species from the accumulated hydrocarbons. These species cover 
the active sites [24] and either take part in the hydrocarbon pool mechanism for the 
production of light olefins or can transform into coke which is responsible for site blockage 
and deactivation of the catalyst. Only propene (9.7∙10-9 mol) and butene (8.6∙10-9 mol) are still 
being produced towards the end of 300 pulses (Fig. 5-2a). This is due to the blockage of active 
sites by surface species and is in accordance with the accumulated carbon and constant 
conversion (Fig.5-1c).  
As there is a drop in product moles with increasing pulse number, the molar flow rates of 
olefins and aromatics in the tenth pulse are shown as height-normalized pulse responses in 
Fig. 5-2d, e and f. The tenth pulse was selected for maximum intensity of the responses. The 
inset in Fig. 5-2d and e contains the height-normalized pulse responses of butene and hexene 
over a quartz bed as a reference. Peak maxima and tailing from the height-normalized pulse 
responses of the products provide insight about their interaction with the catalyst. Peak 
maxima of the butene and hexene partly coincide and their peak times are shifted as 
compared to the propene and pentene responses, yielding as order from left to right: hexene 
< butene < pentene < propene. Tailing of the responses follows a different order: hexene < 
pentene < propene < butene. Although the hexene and butene peak rise first, the sharp and 
minimal hexene molar flow rate, compared to the response over an inert bed, points to 
subsequent conversion of this intermediate towards lighter olefins. Butene on the other hand 
presents a much broader maximum and a longer lasting tail, indicating that the response 
consists of both primary and secondary butenes, the latter being formed by catalytic cracking 
reactions. This analysis indicates that both hexene and butene take part in the reactions 
leading to the formation and desorption of pentene and propene. Olefins leave the reactor in 
less than 2 s, whereas aromatics require up to 15 s (see Fig. 5-2f). In the previous research 
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[24], it was shown that aromatics leave at the same time as olefins. This can be due to the 
lower catalyst mass (11 mg) used in the previous study, providing less acid sites for the 
aromatics to undergo adsorption/desorption. 
 
Fig. 5-2. Development of olefin (a) propene – red, butene – black, (b) pentene – blue, hexene – green 
and  aromatic (c) benzene – magenta, alkylbenzene – cyan production versus pulse number (inset plot 
contains the enlarged image at the initial pulses); height-normalized pulse responses for the molar flow 
rates of (d and e) olefins (inset plot contains butene and hexene responses over quartz) and (f) aromatic 
products with time for the 10th pulse in pulse experiments of ethene over H-ZSM-5. (W = 27.5 mg, T = 
648 K, nC2H4 /pulse = 1.3∙10-6 mol) 
The effect of temperature on the selectivity of products was examined at three different 
temperatures of 598, 648 and 698 K. At each temperature, the selectivity of products is shown 
for three different snapshots of the pulse train, at the 1st, the 200th and the 400th pulse, i.e. 
the end of the pulse train, as presented in Fig. 5-3a, b and c. Propene and butene are the major 
products at all temperatures and only at 698 K, the aromatics selectivity is increased 
significantly up to 14 %. Costa et al. [36] also showed that with increasing temperature the 
olefin yields decreased and aromatic hydrocarbons were favored. Besides, at each 
temperature, with increasing pulse number the propene selectivity decreases with a 
simultaneous increase in butene production. This trend can be explained by propene, being a 
more favorable precursor to aromatic surface species (see Fig. 5-9) via hexene, which further 
undergoes cyclization and hydrogen transfers to create surface species in the hydrocarbon 
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pool. This higher participation of propene in aromatics formation compared to butene lowers 
the propene selectivity, which in turn favors butene selectivity.  
 
Fig. 5-3. Selectivity of products at three different snapshots in an ethene pulse train at three different 
temperatures: a) 598 K, b) 648 K and c) 698 K. (Red – propene, black – butene, blue – pentene, green – 
hexene, magenta – benzene, cyan – alkylbenzene) (W = 25.1 mg, nC2H4 /pulse = 5x10-7 mol) 
To explain the interaction of products with the catalyst at different temperatures, the peak 
maxima and tailing of the height-normalized pulse responses for propene and benzene were 
plotted in Fig. 5-4a and b. The first 80 transient pulse responses at three different 
temperatures were averaged, in order to improve the signal-to-noise ratio. Although it is 
observed from Fig. 5-2a and b that the number of moles of product at the outlet drop from 
the first pulse, the shape of the pulse responses in a pulse train for a particular hydrocarbon 
coincides upon normalization at a given temperature, which justifies the averaging of 
normalized pulse responses. Broader tailing in the averaged propene pulse response at low 
temperature indicates stronger interaction with the catalyst surface, allowing the 
development of surface intermediates and leading to low conversions of ethene . With 
increase in temperature, there is a decrease in tailing and the peak maximum shifts towards 
shorter time of the pulse response. In contrast, the averaged benzene pulse response 
manifests a higher tailing with increasing temperature. This can be attributed to the increased 
conversion at higher temperature, where large amounts of aromatics are formed at the 
expense of lower olefins. 
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Fig. 5-4. Height-normalized pulse responses for the molar flow rates of a) propene and b) benzene with 
time from pulse experiments of ethene over H-ZSM-5 at three different temperatures. (Black-598 K, 
red-648 K, blue-698 K) (Number of pulses averaged = 80). 
5.3.1.2 Higher hydrocarbons 
Transient studies of ethene conversion on H-ZSM-5 identified the (order of) products 
development and their further participation in olefins and aromatics production. Several 
products and intermediates are involved in the hydrocarbon pool mechanism as aliphatic and 
aromatic surface species [24]. Single-pulse experiments with most of the intermediates and 
products of ethene conversion were performed to obtain a better understanding of their 
interaction with the catalyst and to witness the development of product formation from their 
conversion. Hence, olefins such as propene, 1-butene, 1-pentene (results shown in Appendix 
D), 1-hexene and aromatics like benzene and ethylbenzene were used as a feed in single-pulse 
experiments over the H-ZSM-5 catalyst at 648 K. The conversion of these reactants with pulse 
number is shown in Fig. 5-5. Propene has a conversion of ca. 0.7, while 1-butene and 1-hexene 
are completely converted. In the initial pulses, ethylbenzene is converted up to 0.9, which 
decreases to 0.6 at the end of 110 pulses. The secondary nature of the surface intermediates 
involved in the initiation steps of higher olefins lead to higher conversion [24] as compared to 
ethene. In contrast to these higher olefins, the conversion of ethene from Fig.5-1c was not 
constant and decreased to a lower activity of around 0.2 after 300 pulses. This trend in ethene 
conversion could be due to the high ethene accumulation in the initial stages of the reaction 
towards the development of surface species, whereas in case of higher olefins such as propene 
the induction time is minimal [24]. No products were detected from the pulse experiments of 
ethylbenzene or benzene (Appendix D, Fig. D3), indicating that these are accumulating within 
the zeolite. Only olefins led to detectable product formation under the investigated operating 
conditions. 
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Fig. 5-5. Conversion as a function of pulse number from pulse experiments using various feeds. Propene 
(), butene (), hexene () and ethylbenzene () at 648 K. nC3H6/pulse = 4x10-7 mol, nC4H8/pulse = 2x10-7 
mol, nC6H12/pulse = 5x10-8 mol, nethylbenzene/pulse = 2x10-8 mol. Error bars representing 95 % confidence 
interval. 
5.3.1.3 Propene 
The development of olefins obtained from pulse experiments of propene over the H-ZSM-5 
catalyst with increasing number of pulses is shown in Fig. 5-6. Olefin production was an order 
of magnitude larger compared to aromatics. Ethene (Fig. 5-6a) and butene (Fig. 5-6b) were 
the major products. This is due to the favored bimolecular transformation of propene to 
ethene and butene as depicted in path I of Scheme 5-5 (i.e. dimerization followed by β-
scission). The depicted path is consistent with the reaction paths obtained for butene [37] and 
hexene [38]. It is also well established that Brønsted acid sites, present in H-ZSM-5, are active 
towards the catalytic cracking of olefins [39]. A maximum in ethene is observed around the 
30th pulse, which is followed by a drop. This suggests that an additional reaction of propene 
with ethene, to form pentene as shown in path II of Scheme 5-5, gains importance. A relatively 
high amount of free sites during the initial pulses could also lead to the reaction represented 
in path III of Scheme 5-5, where pentene further reacts with propene. The latter can be the 
reason for the low pentene concentration at the early stages of reaction. Moreover, there is 
an increase in hexene production with pulse number. Since the catalyst becomes saturated 
with the aromatics formed from hexene, there is less hexene consumption and at the same 
time, the reaction via path III is halted. This is reflected in an enhancement of pentene and a 
steady decrease in butene production. The amount of pentene formed is at least an order of 
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magnitude less compared to the amount of ethene produced via path I of Scheme 5-5. The 
lower availability of free sites also decreases the reaction in path II so that the primary reaction 
products from path I are preferred.  Though the catalyst deactivated in terms of ethene and 
butene formation, the conversion of propene from Fig. 5-5 remained fairly constant due to 
the subsequent increase in pentene and hexene production. 
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Scheme 5-2, Scheme 5-3 and Scheme 5-4. Reaction paths for the conversion of higher olefins based on 
single-pulse experiments. 
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Fig. 5-6. Development of olefins with pulse number, as detected at the reactor outlet from pulse 
experiments of propene over H-ZSM-5. a) ethene, b) butene, c) pentene, d) hexene. (W = 25.3 mg, T = 
648 K, nC3H6/pulse = 4x10-7 mol). Error bars representing 95 % confidence interval. 
5.3.1.4 1-Butene 
As reported earlier [24], ethene dimerization to butene is the slowest step in the production 
of hydrocarbons, after which further reaction of ethene is mediated by surface species other 
than adsorbed ethene. So, pulse experiments of 1-butene were performed at 648 K to monitor 
the development of olefins with increasing number of pulses as shown in Fig. 5-7. Constant 
ethene and propene (Fig. 5-7a and b) yields are obtained after 50 pulses. The butene yield 
increases in the first 50 pulses (Fig. 5-7c), which is followed by a decrease, coinciding with an 
increase in pentene formation (Fig. 5-7d). No hexene yield was obtained, which can be due to 
the complete catalytic cracking to smaller olefins and transformation to aromatics. 
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Fig. 5-7. Development of olefins with pulse number detected at the reactor outlet from the pulse 
experiments of 1-butene over H-ZSM-5. a) ethene, b) propene, c) butene, d) pentene. (W = 25.4 mg, T 
= 648 K, nC4H8/pulse = 2x10-7 mol). Error bars representing 95 % confidence interval. 
Monomolecular cracking of butene (path I of Scheme 5-2) is unfavorable due to higher 
activation energies compared to bimolecular cracking [40]. In bimolecular cracking, butene is 
initially dimerized towards octene, which further undergoes β-scission to produce ethene and 
hexene or propene and pentene (path II of Scheme 5-2). These results are in agreement with 
the studies of Sun et al. [40] and Lin et al. [37], who proposed both catalytic cracking paths for 
dimerized butene. As hexene is not observed, it can be assumed that adsorbed hexene is a 
reactive intermediate that is transformed via path III to either propene or ethene and butene. 
Pentene produced via the last step of path II could also undergo, β-scission as depicted in path 
IV [41]. Lower pentene yield relative to other products indicates either less preference for the 
last step of path II or further transformation by path IV. Only after 50 pulses, a significant 
amount of pentene is observed, which increases with pulse number. From the pulse 
experiments of propene (Scheme 5-2), hexene was shown to saturate the catalyst surface 
towards aromatics formation. Aromatics formation from long chain olefinic species such as 
heptene and octene also results from successive hydrogen transfer and cyclization steps [42]. 
0 50 100 150 200 250
0.0
0.5
1.0
1.5
2.0
 
 
 
n
i, 
10
-
7  
m
o
l
Pulse number
(a)
0 50 100 150 200 250
1.5
1.8
2.0
2.3
2.5
 
 
 
n
i, 
10
-
8  
m
o
l
Pulse number
(b)
0 50 100 150 200 250
2
4
6
8
10
 
 
 
n
i, 
10
-
8  
m
o
l
Pulse number
(c)
0 50 100 150 200 250
0.8
1.6
2.4
3.2
 
 
 
n
i, 
10
-
9  
m
o
l
Pulse number
(d)
Chapter 5 
110 
 
The active participation of hexene towards olefin products and aromatics (path III) justifies 
the octene β-scission route in path II. The role of hexene towards product formation (path III), 
following the β-scission route of octene via dimerized butene (path II) explains the higher 
butene consumption after 50 pulses as shown in Fig. 5-7c. Then, due to hexene and octene 
conversions to aromatics, the active sites were blocked and pentene formed via path II 
desorbs as reaction via path IV is no longer possible (Fig. 5-7d). 
 
5.3.1.5 1-Hexene 
 
Fig. 5-8. Development of olefins with pulse number detected at the reactor outlet from the pulse 
experiments of 1-hexene over H-ZSM-5. a) ethene, b) propene, c) butene, d) pentene. (W = 25.4 mg, T 
= 648 K, nC6H12/pulse = 5x10-8 mol). Error bars representing 95 % confidence interval. 
The results of olefinic product moles with the pulse number for experiments of 1-hexene were 
presented in Fig. 5-8. It is clear that 1-hexene yields a similar product distribution as 1-butene. 
The only difference is that hexene can undergo both monomolecular and bimolecular catalytic 
cracking routes [38]. Monomolecular cracking of hexene is shown in the first two steps of path 
I of Scheme 5-2 towards ethene (Fig. 5-8a), propene (Fig. 5-8b) and butene (Fig. 5-8c).  The 
bimolecular catalytic cracking route for hexene is shown in path II of Scheme 5-2. 
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Pentene (Fig. 5-8d) formation can occur from the dimerized forms of both hexene (path II) and 
butene (path III). The initially low amount of pentene can be due to its further catalytic 
cracking to ethene and propene via the fourth step of path II. Beyond 30 pulses, when the 
catalyst becomes saturated with the aromatics formed from hexene, heptene and octene via 
the last steps in path I, II and III of Scheme 5-2, the bimolecular path of hexene to pentene 
may not be preferable. On the other hand, butene from the monomolecular hexene β-scission 
route can be a potential source for pentene via dimerization- β-scission route as shown in path 
III of Scheme 5-2. This concurs with the steady decrease in butene yield with simultaneous 
increase of propene and pentene. The sequence of β-scission steps for 1-hexene is in 
accordance with the results of propene and 1-butene from the proposed Scheme 5-2 and 3, 
respectively. 
5.3.1.6 Aromatics from various higher olefin feeds 
Aromatics, namely benzene and alkylbenzene molar yields, from the pulse experiments of 
propene, 1-butene and 1-hexene are shown in Fig. 5-9a, b and c. A relatively higher amount 
of aromatics is produced from propene compared to 1-hexene and 1-butene. Benzene is 
observed from the first pulse in all of the feeds, in contrast to alkylbenzene. This indicates that 
alkylation starts after sufficient aromatics have been developed. With increasing pulse 
number, there is a sharp increase of aromatics to a maximum, which is followed by a gradual 
decrease. This initial increase can be attributed to transformation of accumulated olefinic 
species (hexene) by cyclization and hydrogen transfer reactions to form these aromatics [35]. 
These aromatics saturate the catalyst at the initial stages of reaction. The subsequent 
decrease in aromatics production can be due to their further alkylation and condensation into 
polycondensed aromatics, which are difficult to diffuse out of the zeolite pores [40]. This 
saturation of the Brønsted acid sites decreases the number of acid sites in the zeolite [41]. 
However, adsorbed aromatic species can still take part in the reaction via paring and side-
chain alkylation reactions [42]. 
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Fig. 5-9. Molar yield of aromatics with pulse number from pulse experiments of different feeds: a) 
propene, b) 1-butene, c) 1-hexene. The inset plot contains the enlarged image of the initial 50 pulses. 
Benzene - magenta, alkylbenzene - cyan. (T = 648 K, nC3H6/pulse = 4x10-7 mol, nC4H8/pulse = 2x10-7 mol, 
nC6H12/pulse = 5x10-8 mol). Error bars representing 95 % confidence interval. 
5.3.2 Temperature programmed desorption profiles 
To analyze the nature of the adsorbed surface species developed during the pulse 
experiments, the temperature is increased to 773 K under in-situ conditions after stopping the 
reactant pulses, to desorb the accumulated surface species from the catalyst bed. These 
chemical species were monitored by a quadruple mass spectrometer with a scan resolution of 
1 milli-second covering the entire spectrum of m/z ratios 1 to 200 amu. No olefins desorbed 
from the bed. Only aromatic species were detected at m/z = 78 and 91 amu corresponding to 
benzene and alkyl substituted benzene fragments. This supports the previously reported 
conclusions [24], where it was found that olefinic species are short-lived, while aromatic 
species are long-lived at the investigated reaction temperatures. 
Fig. 5-10a, b, c, d depicts the release of benzene produced from propene, butene, hexene and 
ethylbenzene feeds in comparison to the same release after pulsing ethene as a reactant. The 
maxima in benzene desorption occur between 700 to 740 K, which points to alkyl aromatic 
and condensed polyaromatic residues defined as species of coke-type II [43]. The amount of 
benzene released is in all cases higher compared to ethene as a reactant. The highest amount 
released is for ethylbenzene followed by hexene, propene and butene. This order can be 
explained by the required number of oligomerization, cyclization and hydrogen transfer steps 
involved in aromatics formation from these higher hydrocarbons. 
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Fig. 5-10.Temperature programmed desorption profiles of benzene (m/z = 78) released from the 
catalyst bed after pre-treating with 240 pulses of various reactant feeds, propene (a,  ), 1-butene (b, 
), 1-hexene (c, ), and ethylbenzene (d, ), and compared to ethene () as reactant feed. 
5.3.3 Role of aliphatic and aromatic surface species via pump-probe experiments. 
To assess the role and nature of aliphatic and aromatic surface species in ethene conversion 
to hydrocarbons, pump-probe experiments of higher olefins, dienes, cyclodiene and aromatics 
with ethene were performed. These experiments provide valuable information about the life 
time of the adsorbed species. They can be used to ensure that the pump and probe reactant 
molecules interact with each other over the catalyst surface. In all of these experiments, pump 
molecule are higher olefins, diene, cyclodiene or aromatics, while ethene is pulsed as a probe 
molecule. The time delay between pump and probe species is varied from 0.1 s to 2 s and 9 s 
to study the influence on product formation by changing the life time of the pumped surface 
species. 
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Fig. 5-11. Relative difference of products yield compared for the pump-probe experiments to pulse 
experiments over H-ZSM-5. a) propene, b) butene, c) benzene, d) alkylbenzene. Pump-probe 
experiments (time delay = 0.1 s, pump = higher hydrocarbon, probe = C2H4). Error bars representing 95 
% confidence interval. 
For a time delay of 0.1 s, pump-probe experiments were performed and their products 
compared with the products resulting from pulse experiments of pump and probe reactant 
pulses separately by using the same pulsed quantities as in the pump-probe experiments. The 
magnitude and sign of the product difference ∆Ri clearly indicate whether the two reactant 
molecules interacted over the surface of the catalyst. In the pump-probe experiments, the 
majority of the pumped species remain available as adsorbed reactant species within the given 
time delay, enabling interaction with ethene from the probe pulse, which explains the role of 
each pumped species in the hydrocarbon pool. In the case of pulse experiments, the products 
result from the interaction of gas phase reactant species with the surface species in the 
hydrocarbon pool. So, excess or deficiency of the pumped aliphatic and aromatic surface 
species in pump-probe experiments compared to pulse experiments indicates enhancement 
or abatement of the products by reducing the number of elementary steps taking part in the 
hydrocarbon pool mechanism. 
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The pump-probe experiments were applied using propene, 1-butene, 1-hexene, 1,4-
hexadiene, 1,4-cyclohexadiene and ethylbenzene with ethene. The relative product yields of 
propene, butene, benzene and alkylbenzene are shown in Fig. 5-11a, b, c and d, respectively. 
In the case of pumped olefins, a major enhancement in propene formation is observed with 
1-butene (Fig. 5-11a), while all olefins favor butene production (Fig. 5-11b). The corresponding 
catalytic cracking routes involved in these reactions are shown in Scheme 5-5. Direct addition 
of ethene to butene (path II) can augment the propene production by bypassing the first step 
of butene formation (path I), which was previously found to be two orders of magnitude 
slower than the reaction of ethene with butene [17]. Based on the reaction paths of butene 
pulse experiments, Scheme 5-2, propene production via hexene occurs in path III, whereas 
here (Scheme 5-5) it occurs in path II. By probing the butene pulse with ethene, the 
elementary steps involving slow reaction rate could be avoided and product formation is 
enhanced by establishing or increasing the coverage of key intermediates. Similarly, propene 
pump-probe experiments with ethene enhance butene production via path III. In addition, 
hexene dimerization and β-scission routes (path IV) also enhance butene production. These 
reactions involve short-lived aliphatic surface species as intermediates, which are in 
accordance with the catalytic cracking routes depicted in the pulse experiments of propene, 
butene and hexene. 
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Scheme 5-5. Role of higher olefins in the ethene conversion to hydrocarbons based on pump-probe 
experiments. 
The next possible step in aliphatic surface species transformation could be further 
dehydrogenation followed by cyclization. For more insight in the reaction mechanism, 
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intermediates between olefins and aromatics [44, 45], such as dienes and cyclodienes, were 
used as pump feeds. As shown in path I and II of Scheme 5-6, hexadiene can convert to lower 
olefin via alkylation, catalytic cracking or to alkylated cyclohexadiene via alkylation, cyclization 
and hydrogen transfer reactions [35, 46]. From the pump-probe experiments of 1,4-
cyclohexadiene with ethene (Fig. 5-11), both propene and aromatics formation (benzene, 
alkylbenzene) were enhanced. On the other hand, 1,4-hexadiene pump-probe experiments 
with ethene (Fig. 5-11) favored butene and alkylbenzene. Path I of Scheme 5-6 explains how 
hexadiene transformed to butenes, i.e. not via alkylated cyclohexadiene. Although cyclization 
has reported to be energetically favorable[47], the formation of the alkylated aromatic surface 
intermediate necessary for butene production may be hindered by the zeolite pore size. On 
the other hand, propene can arise through a side-chain alkylation and paring mechanism of 
the aromatic surface intermediate formed via alkylated cyclohexadienes as shown in path III 
of Scheme 5-6. Thus, it can be concluded that dienes can easily transform to aliphatic surface 
intermediates for butene, while alkylated cyclodienes rather serve as precursors to aromatic 
surface intermediates for propene. The cyclization of dienes to cyclodienes [46] is connecting 
the two paths involved in olefin production via aliphatic and aromatic surface intermediates. 
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Scheme 5-6. Role of 1,4-hexadiene and 1,4-cyclohexadiene in ethene conversion to hydrocarbons (R’ – 
alkyl substituent I, R’’ – alkyl substituent II). 
Aromatics are formed in larger amounts in all of the pump-probe experiments than in the 
single-pulse experiments. In pump-probe experiments with ethene, aromatics production is 
enhanced by 2 to 160 % as shown in Fig. 5-11c and d, which can arise from direct interaction 
of ethene with the higher olefins, followed by a simple hydrogen transfer reaction as shown 
in Scheme 5-5 and 6. The side-chain alkylation and further polycondensation reactions lead to 
coke formation [40, 43, 48] as shown in Scheme 5-7. This blocks the zeolite pores, thereby 
causing deactivation of the catalyst. 
Chapter 5 
118 
 
 
Scheme 5-7. Role of aromatics in ethene conversion to hydrocarbons (R’ – alkyl substituent). 
The results of increasing the time delay between pump and probe molecules to 2 s and 9 s are 
shown in Appendix D, Fig. D7a and b for 1-butene with ethene and ethylbenzene with ethene. 
The amounts of product molecules decrease with increasing time delay between 1-butene 
and ethene feeds, which reach the level of single-pulse experiments at infinite time scale. With 
larger time delays (> 2 s), butene derived species desorb by the time the probing ethene 
molecules reach the adsorption site. As the life time of the developed aliphatic surface species 
are less than 2 s, these can be termed as short-lived species. In case of ethylbenzene with 
ethene, there is only a significant impact of the probing ethene species on the alkylation of 
aromatics at the investigated time delays. The olefin yield in ethylbenzene pump-probe 
experiments is always lower than in single-pulse experiments and is not influenced by the time 
delay between the pump and probe species. Hence, ethylbenzene blocking the active sites can 
be considered as a long-lived aromatic surface species. 
5.3.4 Effect of coking catalysts used in continuous flow experiments 
The role of aromatic surface species as proposed in the hydrocarbon pool mechanism was 
further investigated over a used catalyst, coked under continuous flow experiments. A H-ZSM-
5 catalyst (Si/Al = 15) coked under ethanol (W/jägñòe = 8 kgcat s mol-1, T = 600 K) for 72 h was 
tested for activity in the TAP-3E reactor. Before the activity tests, the catalyst was subjected 
to temperature programmed desorption up to 773 K to remove any of the weakly adsorbed 
hydrocarbon products from the catalyst. This ensures that the activity in the pulse 
experiments results only from the reaction of gas phase ethene with the remaining surface 
species if any. The full scan of released hydrocarbons is shown as a 2D spectrum with respect 
to time and temperature in Fig. 5-12. A large quantity of olefinic and aromatic hydrocarbons 
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were released from the catalyst bed during 17 minutes. The catalyst was then maintained at 
773 K for up to 30 minutes to make sure that no more desorbed hydrocarbon species were 
released from the catalyst bed. This is confirmed with the scans recorded from 47 to 55 
minutes, where no gas-phase species are detected. 
 
Fig. 5-12. Temperature profile (top) and full scans of released hydrocarbons up to 200 amu (bottom) 
from the coked catalyst bed shown during 1500 scans recorded in a period of 55 minutes (scanning 
halted from 16 to 47 min). 
Afterwards, pulses of ethene were admitted over the catalyst at 648 K. As seen in Fig. 5-13a, 
the used catalyst is active under transient conditions and shows a similar product distribution 
as a fresh catalyst. In both catalysts, butene and propene account for the majority of the 
products. Butene formation is most favored in the coked sample, while the selectivity to 
propene and butene is identical over the fresh catalyst. This is due to the fact that butene is a 
primary product, and hence relatively straightforward to form, while propene is not. 
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Fig. 5-13. a) Comparison of product selectivities over coked (black) and fresh (red) H-ZSM-5 in pulse 
experiments (conversions over both catalysts are 10 – 15 %) . b) 12C incorporation in the products 
propene () and butene () from pulse experiments of isotopic labelled 13C2H4 over a coked catalyst 
pre-treated with 12C. (Temperature = 648 K, nC2H4/pulse = 5x10-7 mol). Error bars representing 95 % 
confidence interval. 
 
Previously, UV/Vis spectroscopic characterization of a heavily coked catalyst [24] showed that 
upon longer coking, aromatics like anthracenic, phenantrenic and tetracenic species lead to 
the formation of polynuclear aromatics over the external surface. The role of these aromatic 
surface species in the product distribution was elucidated using ethene isotope 13C2H4 as a 
reactant. Isotopic carbon-13 labelled ethene was injected over the used catalyst. The latter 
was coked under continuous flow experiments of ethanol containing carbon-12 surface 
species. The amount of carbon-12 incorporated into the products, propene and butene, is 
shown in Fig. 5-13b. Propene and butene have an average of 40 and 50 % 12C incorporation, 
respectively. The isotope scrambling results in the previous article [24], showed only 5 % 
carbon atom scrambling occurred in propene over a coked catalyst prepared under transient 
conditions. Thus, less coke is generated under transient conditions than under continuous 
flow experiments. In the catalyst coked under continuous flow experiments, the high amount 
of scrambling observed in both products supports the participation of aromatic species 
formed on external surface of the zeolite. These aromatics do not suffer from shape selective 
effects and/or steric constraints even for butene formation, which explains their contribution 
to the production of both olefins within the hydrocarbon pool mechanism. 
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5.3.5 Elucidation of the role of products and intermediates 
All of the above pulse and scan experiments identified the products and the routes involved 
via short and long-lived surface intermediates. This detailed role provides an expanded insight 
into the mechanism of ethene conversion to hydrocarbons over H-ZSM-5 catalyst, as 
illustrated in Scheme 5-8. Ethene dimerization to butene in the first step (route I) has been 
explained elsewhere [24]. The development of products with pulse number in pulse 
experiments of higher olefins gave insight about the acid catalytic cracking routes via short-
lived aliphatic surface intermediates (route II). Temperature programmed desorption profile 
for the catalyst exposed to various reactants identified only the release of aromatics, which 
are known to be as long-lived surface species. The role of these surface intermediates was 
inferred from the pump-probe experiments by the synergetic influence towards products 
formation. Cyclization of dienes (route III) was identified as a bridge between aliphatic and 
aromatic surface species from the pump-probe experiments of dienes and cyclodienes with 
ethene. Dienes can transform to aliphatic surface species (route II) towards butene formation, 
whereas cyclodienes could easily transform to aromatic surface species (route IV) for propene 
formation. These aromatic surface intermediates take part in side-chain alkylation and paring 
mechanisms towards the propene formation. Finally, the studies extended to a catalyst coked 
under continuous flow experiments using carbon labelled isotopic ethene observed 
scrambling in both propene and butene products identifying the role of long-lived aromatic 
surface species (route IV) on external surface of the zeolite.  
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Scheme 5-8. Reaction mechanism of ethene conversion to hydrocarbons over a H-ZSM-5 catalyst. 
Species with * are adsorbed surface species; CnH2n – gas phase olefin, Cali*- aliphatic surface species 
and Caro*- aromatic surface species. 
 
5.4. Conclusions 
Using a transient technique, i.e. TAP, the product development in ethene conversion was 
investigated through pulse experiments with feeds of various olefins (ethene, propene, 1-
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butene and 1-hexene) and aromatics. Olefins were active towards products formation and  
provided information about the possible catalytic cracking reaction routes. However, 
aromatics only accumulated in the zeolite pores. Co-adsorption of ethene with higher olefins, 
dienes, cyclodiene and aromatics in pump-probe experiments at different time delays, 
evidenced the synergetic influence of surface intermediates in ethene conversion to 
hydrocarbons by reducing the number of elementary reaction steps. The role of aliphatic 
surface intermediates towards olefin production was confirmed with dienes and olefins via 
classical acid catalytic cracking routes. The aromatic surface intermediates developed from 
adsorbed cyclohexadiene with ethene in the zeolite pores, enabling both propene and 
aromatics formation via side-chain alkylation and paring mechanisms. Dienes and cyclodienes 
are found to be intermediates between aliphatic and aromatic surface species. Increasing time 
delays between pump and probe molecules identified the aliphatic surface species as short-
lived and aromatics as long-lived surface species. Pump-probe experiments also explain the 
routes to coke formation, developing from the hydrocarbon pool. In-situ temperature 
programmed desorption after reaction released only aromatics such as benzene from the 
catalyst bed and no olefins, which also confirmed the presence of long-lived surface species 
as aromatics. 
A catalyst coked under continuous flow experiments was found to be active during 
subsequent pulse experiments of ethene under transient conditions. There is a similar product 
distribution for both coked and fresh catalysts. Isotope experimental results show higher 
participation of carbon atom scrambling in both propene and butene over the coked catalyst 
obtained from continuous flow experiments as compared to the catalyst coked in transient 
conditions. The participation of aromatics towards the lighter olefins production indicates that 
aromatics formed at the external surface also play a role in the hydrocarbon pool mechanism, 
without having any steric constraints. These comprehensive experiments of co-feeding 
possible hydrocarbon pool species and isotope scrambling over different states of the catalyst 
have led to more insight into the reaction intermediates of ethene to hydrocarbon conversion. 
Most importantly, the hydrocarbon pool was found to contain both olefinic and aromatic 
surface species, which contribute towards product formation, depending on the saturation of 
the catalyst with aromatics. 
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Chapter 6  
 
 
Conclusions and Perspectives 
 
Bioalcohols utilization is an attractive alternative for the industries relying on hydrocarbons. 
They are valuable hydrocarbon sources, which are renewable and environment friendly. The 
feedstock availability together with emerging technologies has placed bioethanol number one 
among the top bioalcohols. Owing to zeolites, ethanol can be converted into a broad range of 
hydrocarbons. The acidic nature, pore structure and hydrothermal stability of H-ZSM-5 make 
it the most used zeolite framework in heterogeneous catalysis. H-ZSM-5 allows a selective 
conversion to olefins and aromatics with a long term stability. A fundamental understanding 
of the reaction mechanism of ethanol conversion over H-ZSM-5 is established within the 
research work of this PhD thesis by using Temporal Analysis of  Products (TAP-3E) reactor 
technology.  
A TAP reactor is known to decode the kinetics and mechanism of a reaction through the 
unique mode of pulse experiments in transient conditions. The mechanism of the reaction is 
investigated in three major sections. As the pulse response in TAP distinguishes transport from 
kinetics, the diffusivity through the microporous zeolite crystallite is determined at varying 
temperatures. It was observed that at 373 K, there is a difference in pulse response from 
nonporous quartz and porous H-ZSM-5. The delayed tailing and increased pulse peak time 
indicated that the diffusion time at the crystallite scale is comparable to the pellet scale at 
373  K temperature. A flux analysis based on hopping mechanism was utilized to extract the 
intra-crystallite diffusivity. The obtained intra-crystallite diffusivity, 7.8 x 10-12 m2/s, was in the 
order of the configurational diffusion regime for microporous zeolites. However, at higher 
temperature of 473 and 573 K, there was no difference in the pulse responses, indicating that 
the pellet scale diffusion time is far greater than the crystal scale diffusion. This identified that 
at higher temperatures the intra-crystalline diffusion does not influence the pulse response.  
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The preferred pathway of ethanol dehydration over H-ZSM-5 was elucidated by a series of 
systematic experiments, supported with microkinetic modelling. Ethene is the only carbon-
based product observed in the gas phase effluent from single-pulse experiments of ethanol 
over H-ZSM-5 in Knudsen regime for reaction temperatures of 473 to 573 K. The irreversible 
adsorption/reaction of ethanol over H-ZSM-5 was evidenced from the comparison with the 
standard diffusion curve of ethanol response over a quartz bed and accumulation of ethanol 
on the catalyst was observed. The role of diethyl ether in the ethanol dehydration mechanism 
was identified from cofeed experiments of C-12 labelled diethyl ether and C-13 labelled 
ethanol. Ethene resulted only from C-12 labelled diethyl ether and not from C-13 labelled 
ethanol.  
Validation of the experimental findings was assessed with the detailed reaction network of ab 
initio based microkinetic modelling in TAPFIT. Here, the following step-wise analysis of various 
experimental feeds was considered. Single-pulse experiments of ethene over H-ZSM-5 had 
only reversible adsorption with no accumulation/conversion to products. Furthermore, the 
experimental response was in complete agreement with the ab initio based rate coefficients 
for ethene adsorption. On the other hand, the simulated responses of a diethyl ether feed 
using the kinetic parameters of ab initio based microkinetic modelling resulted in a complete 
conversion of diethylether and only a small amount of ethene and water were obtained. The 
experimental responses from diethylether feed were best described with the optimized 
parameters after regression analysis in TAPFIT. In absence of diethyl ether experimental 
response from ethanol feed, the optimized parameters along with other ab initio based 
parameters from diethylether simulations were utilized in the ethanol dehydration reaction 
network. Nevertheless, these single set of kinetic parameters described the transient 
experimental data of all the feeds, ethene, diethylether and ethanol. Reaction path analysis 
of ab initio based parameters favored the ethoxy-mediated ether path. The experimental 
data, complemented with microkinetic modelling established the ether-mediated mechanism 
as most important one in the dehydration of ethanol to ethene. 
Ethene was used as a feed for decoding the mechanism of higher hydrocarbon formation over 
H-ZSM-5, because of the decoupled mechanisms operating in ethanol dehydration and higher 
hydrocarbon formation. From the first pulse of ethene, all higher olefinic products were 
observed. The potential products and intermediates were then fed as reactants in single-pulse 
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and pump-probe experiments. This allowed to monitor the product development from feeds 
of various olefins (ethene, propene, 1-butene and 1-hexene) and aromatics. Catalytic cracking 
reaction routes were identified from the olefin single-pulse experiments. However, aromatics 
only accumulated in the zeolite pores. In pump-probe experiments of higher olefins, dienes, 
cyclodienes and aromatics with ethene at different time delays, the synergetic influence of 
pumped molecules in ethene conversion to hydrocarbons was evidenced from increasing 
coverage of key surface intermediates. Dienes and olefins favored olefin production by 
classical acid catalytic cracking routes via aliphatic surface intermediates. However, pump-
probe experiments of ethene with cyclohexadiene developed aromatic surface intermediates 
within the zeolite pores towards the production of propene and aromatics via side-chain 
alkylation and paring mechanisms. The intermediates between aliphatic and aromatic surface 
species were found to be dienes and cyclodienes. Pump-probe experiments also revealed 
aliphatic surface species as short-lived and aromatics as long-lived surface species. In-situ 
temperature programmed desorption after reaction confirmed the presence of long-lived 
surface species as aromatics. 
Experiments of isotope feed switching over a catalyst coked under continuous flow 
experiments resulted in participation of accumulated carbon atom scrambling in both 
propene and butene, compared to the carbon atom scrambling in propene only over a catalyst 
coked in transient conditions. The participation of aromatics towards both lighter olefins over 
a continuous flow pretreated catalyst indicated that aromatics formed at the external surface 
participated in the hydrocarbon pool mechanism, without having any steric constraints. 
Depending on saturation of the catalyst with aromatics, the hydrocarbon pool containing both 
olefinic and aromatic surface species contributed towards product formation. These 
comprehensive experiments have led to more insight into the reaction intermediates present 
during conversion of ethene to hydrocarbon over H-ZSM-5. 
Some of the future prospects left open by the current thesis include:  
 Extension of the work over different kinds of zeolite framework, H-FAU (3D with 12 
membered ring), H-MOR (2D with 12 and 8 membered rings) and H-ZSM-22 (1D with 
10 membered ring).  
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 The estimation of intra-crystallite diffusivities in these different pore geometries by 
the proposed flux equations based on hopping mechanism establishes a window of 
comparable time scales of diffusion in crystal and pellet scale with varying amount of 
catalyst packing, temperature and molecular weight of the feed.  
 Additionally, the proposed reaction mechanism could be more detailed and 
generalized to other zeolites. From steric constraints, as the participation of aromatic 
surface intermediates towards olefin production is limited by the pore dimensions, this 
can be substantiated for small and large pore zeolites by utilizing pump-probe 
experiments of aromatics with varied carbon chain length and branching chemical 
species.  
 Furthermore, the fast and easy switching of flow to pulse experiments in TAP reactor 
could be used for varying times of pretreatment in flow conditions followed by a pulse 
experiment of ethene to monitor the influence of surface species. Besides, the 
interaction and conversion of ethanol over such a pretreated catalyst is an interesting 
experiment to monitor the activities.  
 The microkinetic modelling of TAP experimental responses in molecular regime will 
advance the complete utilization of TAP reactor to a wider range of reaction 
mechanisms.  
 With regards to the characterization techniques, characterization of the pretreated 
catalysts by UV/Vis and Raman techniques for quantification of the deposited carbon 
species can correlate the activity to surface species, by means of a structure-activity 
relationship.  
All of the above mentioned suggestions could lead into a more generalized reaction 
mechanism for ethanol conversion to hydrocarbons over different zeolites.
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Appendix A 
 
 Deconvolution procedure for scrambled products from ethanol and diethylether cofeed mixture experiment 
 
This appendix explains the detailed steps in deconvoluting various scrambled products 
obtained from the isotopic carbons of the feed mixture 13C2H5OH and 12C2H5O12C2H5 over H-
ZSM-5.  
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1 Diethylether  
There are five possible scrambled diethylether products. Assuming the diethylether with four 
13C as α  , three 13C and one 12C as β, two 13C and two 12C as γ, one 13C and three 12C as δ 
and  four 12C as ε. The pulse response data corresponding to the AMU’s 74 to 78 over the H-
ZSM-5 catalyst were recorded. The relative intensities of 70 till 78 AMU’s from diethylether 
feed over quartz bed were obtained as 0, 0, 0, 1.2, 10.14, 0.49, 0, 0, 0. So, the fragmentation 
pattern for the other isotopic carbons in the diethylether follows as: 
 
Table A1. Relative intensities of the fragment ions at AMU’s equivalent from 70 to 78 in  12C2H5O12C2H5 
to other scrambled chemical  species. 
Scrambled 
species 
(↓) 
Relative 
intensity(→) 
0 0 0 1.2 10.14 0.49 0 0 0 
α  74 75 76 77 78 79 80 81 82 
β  73 74 75 76 77 78 79 80 81 
γ  72 73 74 75 76 77 78 79 80 
δ  71 72 73 74 75 76 77 78 79 
ε  70 71 72 73 74 75 76 77 78 
 
 A set of linear equations involving the fragment contributions for the chemical species are: 
ró + rô + rõ + . ÷ø + r. ùú =  ûüù   (A1) 
ró + rô + . ÷õ + r. ùø + r. ùýú =  ûüþ (A2) 
ró + . ÷ô + r. ùõ + r. ùýø + rú =  ûü  (A3) 
. ÷ó + r. ùô + r. ùýõ + rø + rú =  ûüü (A4) 
r. ùó + r. ùýô + rõ + rø + rú =  ûü  (A5) 
Where Mx corresponds to the zeroth moment for AMU x.  
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These equations (A1-5) are solved in MATLAB by non-negative least square regression 
(lsqnonneg) for α, β, γ, δ, ε.  Accordingly, the values of these chemical species were multiplied 
with the relative intensity 10.14 for using the calibration factor recorded at this molecular ion 
fragment. In the current research work, none of the scrambled diethylether is observed, 
except the fed diethylether, 12C2H5O12C2H5.  
2 Ethanol 
There is no fragment contribution of 12C2H5O12C2H5 towards 46, 47 and 48 AMU’s of ethanol. 
Thus the responses collected for these AMU’s were processed directly for the scrambled 
products in ethanol using the relative intensities from Table A2.  
Table A2. Relative intensities of the fragment ions at AMU’s equivalent from 44 to 48 in  13C2H5OH to 
other scrambled chemical  species. 
Scrambled 
species 
(↓) 
Relative 
intensity(→) 
0.97 32.66 9.68 0.29 0 
α  46 47 48 49 50 
β  45 46 47 48 49 
γ  44 45 46 47 48 
 
Where ethanol containing two 13C as α, one 13C and one 12C as β and two 12C as γ with the 
corresponding set of linear equations (A6-8): 
r. ýüó + ÷.ô + ý.õ =  ûù   (A6) 
÷.ó + ý.ô + r. ÷ýõ =  ûùü (A7) 
ý.ó + r. ÷ýô + rõ =  ûù  (A8) 
 
The results of above equations from lsqnonneg in MATLAB were multiplied with the relative 
intensity 9.68 to use the respective moments with the molecular ion fragment calibration 
factor. There is no scrambled ethanol product except the fed 13C2H5OH  and the ethanol as a 
product 12C2H5OH from fed 12C2H5O12C2H5.  
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3 Ethene  
For ethene scrambled products, the relative fragment contributions from fed diethylether 
(12C2H5O12C2H5), ethanol (13C2H5OH) and the product ethanol (12C2H5OH) fragment 
contributions were removed using Table 2 of Chapter 4. The final moments obtained for 28, 
29 and 30 AMU’s were deconvoluted using the relative intensities of Table A3. 
Table A3 . Relative intensities of the fragment ions at AMU’s equivalent from 26 to 30 in  12C2H4 to 
other scrambled chemical  species. 
Scrambled 
species 
(↓) 
Relative 
intensity(→) 
41.28 40.57 100 1.57 0.08 
α  28 29 30 31 32 
β  27 28 29 30 31 
γ  26 27 28 29 30 
 
ù. ÷ó + ùr. þüô + rrõ =  û÷   (A9) 
ùr. þüó + rrô + . þüõ =  û÷ý (A10) 
rró + . þüô + r. rõ =  ûr  (A11) 
 
Where ethene containing two 13C as α, one 13C and one 12C as β and two 12C as γ. The results 
of the equations (A9-11) after multiplying with the relative intensity 100 are converted to 
moles by  using the molecular ion fragment calibration factor. These results showed that only 
ethene (12C2H4) from diethylether contributed to all of the isotopic ethene products. 
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Deconvolution procedure for scrambled products from isotope feed switching experiment 
 
This appendix explains the detailed steps in obtaining the percentages of incorporated 12C in 
the products propene and butene from the pulse experiments of 13C2H4 over a coked H-ZSM-
5 catalyst pre-treated with 12C at 648 K.  
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1 Butene  
The five kinds of isotopic butene products were assumed as follows,  four 13C as α, three 13C 
and one 12C as β, two 13C and two 12C as γ, one 13C and three 12C as δ and  four 12C as ε. 
The pulse response data corresponding to the AMU’s 56 to 60 over the H-ZSM-5 catalyst were 
recorded. The experimental relative intensities of 52 till 60 AMU’s for the 12C4H8 over quartz 
bed were obtained as 2.64, 12.15, 4.38, 25.6, 53.2, 2.65, 0, 0, 0. So, the fragmentation pattern 
for the other isotopic carbons in butene follows as: 
Table B1. Relative intensities of the fragment ions at AMU’s equivalent from 52 to 60 in  12C4H8 to other 
scrambled chemical  species. 
Scrambled 
species 
(↓) 
Relative 
intensity(→) 
2.64 12.15 4.38 25.6 53.2 2.65 0 0 0 
α  56 57 58 59 60 61 62 63 64 
β  55 56 57 58 59 60 61 62 63 
γ  54 55 56 57 58 59 60 61 62 
δ  53 54 55 56 57 58 59 60 61 
ε  52 53 54 55 56 57 58 59 60 
 
 A set of linear equations involving the fragment contributions for the chemical species are: 
÷.ùó + ÷. þô + ù.õ + ÷þ.ø + þ. ÷ú =  ûþ   (B1) 
÷. þó + ù.ô + ÷þ.õ + þ. ÷ø + ÷.þú =  ûþü (B2) 
ù.ó + ÷þ.ô + þ. ÷õ + ÷.þø + rú =  ûþ  (B3) 
÷þ.ó + þ. ÷ô + ÷.þõ + rø + rú =  ûþý (B4) 
þ. ÷ó + ÷.þô + rõ + rø + rú =  ûr  (B5) 
Where Mx corresponds to the zeroth moment for AMU x.  
These equations (B1-B5) are solved in MATLAB by non-negative least square regression 
(lsqnonneg) for α, β, γ, δ, ε.  Accordingly, the values of these chemical species were multiplied 
with the relative intensity 53.2 for using the calibration factor recorded at the molecular ion 
Appendix B 
 
139 
 
fragment. Butene with either four 13C or three 13C and one 12C or one 13C and three 12C were 
only observed as a scrambled product.  
2 Propene 
The  fragment contributions of the observed isotopic butene species towards 42, 43, 44 and 
45 AMU’s were negligible. So, the responses collected for these AMU’s were processed 
directly for the scrambled products in propene using the relative intensities from Table B2.  
Table B2. Relative intensities of the fragment ions at AMU’s equivalent from 39 to 45 in  12C3H6 to other 
scrambled chemical  species. 
Scrambled 
species 
(↓) 
Relative 
intensity(→) 
76.21 26.10 100 73.21 5.59 0.25 0 
α  42 43 44 45 46 47 48 
β  41 42 43 44 45 46 47 
γ  40 41 42 43 44 45 46 
δ  39 40 41 42 43 44 45 
 
Where propene containing three 13C as α, two 13C and one 12C as β, one 13C and two 12C as γ 
and three 12C as δ. The set of linear equations (B6-9) were solved by lsqnonneg in MATLAB 
for the isotopic products of propene.  
ü. ÷ó + ÷. ô + rrõ + ü. ÷ø =  ûù÷   (B6) 
÷. ó + rrô + ü. ÷õ + þ. þýø =  ûù (B7) 
rró + ü. ÷ô + þ. þýõ + r. ÷þø =  ûùù  (B8) 
ü. ÷ó + þ. þýô + r. ÷þõ + rø =  ûùþ (B9) 
 
These results were multiplied with the relative intensity 73.21 to use the calibration factor of 
molecular ion fragment. Except propene containing one 13C and two 12C, all other isotopic 
scrambled products were observed. These propene and butene isotopic product moles are 
expressed in terms of 12C incorporated percentages as shown in Fig. 5-13b of Chapter 5.   
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Appendix C  
 
 
Additional information associated to Chapter 4  
 
1 Single – pulse response of ethanol over a quartz bed 
 
Fig. C1(a). Experimental and simulated pulse response of ethanol from single-pulse experiments of 
ethanol over quartz at 573 K. (b). Standard diffusion curve of ethanol over quartz at 573 K. (nethanol/pulse, 
Knudsen = 3.85 x 10-9 mol). (dotted black line – experimental response; continuous red line – simulated 
response calculated with the physical parameters from Table C1 and by using the equations 3-2, 3-5, 
3-7, 3-8 and 3-13). 
 
Table C1. Physical parameter estimates along with their 95 % confidence interval obtained from the 
regression of single-pulse experimental data of ethanol over a quartz bed at 573 K using TAPFIT.  
S.No. Parameter Value 
1 Diffusivity (m2/s) (5.63 ± 0.017) x 10-3  
2 Pulse peak time (s) (0.22 ± 0.045) x 10-3 
 
 
Table C2. Overview of the mechanisms for ethanol dehydration in H-ZSM-5 
Mechanism Elementary 
steps 
1 1, 15, 0 
2 1, 2, 3, 4, 5 
3 1, 2, 16, 17, 0 
4 0, 18, 19, 20 
5 1, 6, 7, 13, 14 
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6 1, 2, 3, 12, 9 
7 1, 6, 7, 8, 9 
8 9, 10, 11, 5 
 
 
2 Plug-flow reactor model 
Continuity equation for the gas phase species, A 
j¤ =  ¢f =  g º ¤j
 (C1) 
 
At W = 0, j¤ =  j¤E 
Continuity equation for the surface species, A* 
θ¤∗ =  º ¤∗j = 0
 (C2) 
 
with 
θ ∗ +  º θ¤∗ = 1
¤∗
 
 
(C3) 
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Additional information associated to Chapter 5 
 
1 Single-pulse experiments of ethene over H-ZSM-5 
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Fig. D1.  Ethene conversion with pulse number from pulse experiments of ethene over H-ZSM-5 catalyst. 
(W = 27.8 mg, T = 648 K, nC2H4 /pulse = 6.0∙10-7 mol) 
 
2 Single-pulse experiments of ethene over H-ZSM-5  
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Fig. D2. Carbon balance with pulse number from pulse experiments of ethene over the H-ZSM-5 
catalyst. (W = 27.5 mg, T = 648 K, nC2H4 /pulse = 1.3∙10-6 mol) 
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3 Single-pulse experiments of benzene over H-ZSM-5  
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Fig. D3. Conversion as a function of pulse number from pulse experiments of benzene (), at 623 K. 
nbenzene/pulse = 3x10-7 mol.  
 
4 Single-Pulse experiments of 1-pentene over H-ZSM-5  
Single pulse experiments of 1-pentene were performed over the H-ZSM-5 catalyst. The 
conversion of pentene with pulse number as shown in Fig. S4 is complete. Olefins and 
aromatics were the only products. The development of olefin products ethene (S5a), propene 
(S5b), butene (S5c) and hexene (S5d) with the pulse number are shown in Fig. S5. Ethene and 
propene decrease in the first 100 pulses and thereafter stabilize to a constant yield. Butene 
increases in the first 100 pulses, already reaching a value more than  three times the propene 
yield. Hexene is obtained in low yields compared to the other olefins. The catalytic cracking 
routes for pentene are shown in Scheme S1. 
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Fig. D4. Conversion as a function of pulse number from pulse experiments of Pentene () at 648 K. W 
= 26.2 mg, nC5H10/pulse = 2x10-7 mol. Error bars representing 95 % confidence interval. 
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Fig. D5. Development of olefins with pulse number detected at the reactor outlet from the pulse 
experiments of 1-pentene over H-ZSM-5. a) ethene, b) propene, c) butene, d) hexene. (W = 26.2 mg, T 
= 648 K, nC5H10/pulse = 2x10-7 mol). Error bars representing 95 % confidence interval. 
 
Pentene undergoes mono-molecular cracking to ethene and propene (path I of Scheme S1). 
But propene is an order of magnitude lower compared to ethene (Fig. S5a and b). This can be 
due to further reaction of propene with pentene as shown in path II of Scheme S1 to form 
octene. The latter further undergoes catalytic cracking to form butene, which is evidenced 
from a zero octene yield. For every molecule of propene obtained in path I, two molecules of 
butene should be obtained in order to support path II. However, more propene is consumed 
than expected from path II. Thus, part of it is also converted to hexene as shown in path III. 
These higher olefins, hexene and octene, obtained via paths II and III undergo cyclization and 
hydrogen transfer reactions to form aromatics. The development of aromatics with the pulse 
number is shown in Fig. S6. Benzene and alkylbenzene (alkylated up to 2 carbon atoms) yields 
increase in the first 15 pulses and then drop to a constant yield. This is due to accumulation of 
polycondensed aromatics inside the zeolite pores, leading to deactivation and subsequent 
drop in gas phase aromatics.   
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 Scheme S1 
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Scheme D1. Reaction paths for the conversion of pentene based on single-pulse experiments. 
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Fig. D6. Molar yield of aromatics with pulse number from pulse experiments of 1-pentene. Inset plot 
contains the enlarged image of the initial 50 pulses. Benzene - magenta, alkylbenzene - cyan. (T = 648 
K, nC5H10/pulse = 2x10-7 mol). Error bars representing 95 % confidence interval. 
 
5 Pump-probe experiments of 1-butene and ethylbenzene with ethene over H-ZSM-5 
 
Fig. D7. Relative difference in product moles compared from pump-probe experiments at three different 
time delays to individual pulse experiments with the feeds (a) 1-butene and ethene; pump – 1-butene, 
probe – ethene; (b) ethylbenzene and ethene; pump – ethylbenzene, probe - ethene. Alkyl benzene - , 
benzene - , hexene - , pentene - , butene - , propene - , ethene - ⊳.
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